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hacia adelante aun cuando los experimentos no salen como uno espera. A Eneider 
P., aunque apenas pudimos disfrutar de tu compañía debido a la duración del con-
trato (2013-2014), quisiera agradecerte el gran interés que si siempre pusiste en el 
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tu gran ayuda en la toma de datos de campo y por echarme una mano con los análi-
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aún están por salir. A Arantxa A. (2013 y 2015), gracias por tu ayuda en la tempo-
rada de campo del 2013, y por participar en la medición de plumas ornamentales de 
los estorninos que forman parte del último capítulo de esta tesis, gracias por tu vita-
lidad, alegría y ganas de colaborar. Many thanks to Thomas C. and Aída R. (2013) 
for your commitment and dedication during full field-work; it is always a pleasure 
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experiencia con vosotros. A Aude M. (2013), gracias por tu ayuda en la toma de 
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de licenciatura (o Tesina). Javi P-T., muchas gracias por contagiarme tu interés y 
entusiasmo por la malaria aviar, aspecto que he intentado trasladar a esta tesis, pero 
que debido a la baja prevalencia y escasa intensidad de infección en nuestra pobla-
ción de estorninos no ha dado mucho juego. Aun así tengo en mente sacar un traba-
jo descriptivo al respecto. Gracias por aquellos años que recuerdo con mucho apre-
cio, tanto por lo que aprendí de ti como por lo que disfrutamos en las sesiones de 
anillamiento en Las Minas, La Herrería o incluso en la mismísima Laponia sueca. 
Así mismo estoy muy agradecido a todos los miembros del Grupo de Investigación 
Biología Evolutiva y de la Conservación del Departamento de Zoología y Antropo-
logía Física de la UCM, por haber contribuido gratamente en mi formación. El trato 
con “los becarios” fue especialmente intenso con Antón y Sofía, pero no podría 
dejar de agradecer las continuas muestras de afecto e interés del resto: María, Shei-
la, Dani, Irene y Peri, Pablo y Miren, Joaquín, Rita, Joana, Sara, Marta, Jas-
per, Mateja, Michaël, Carlos, Guille, Javi, Bea M., Amparo y Javi; destacando 
con especial cariño los grandes momentos vividos con Iván, Bea A., Sonia, Miche 
y Elena. 
Mis primeros años como becario FPI en el MNCN, no hubieran sido tan en-
trañables sin la compañía de Conchi S., Camila M., Marianne G., Natalia G. e 
Isabel L-R. Chicas, muchísimas gracias por acogerme y hacerme sentir uno más del 
grupo; aún suenan en mi cabeza nuestras risas en el comedor, en los pasillos o ayu-
dando a Marianne a hacer su macro mudanza. Qué lástima que cuando yo entré vo-
sotras estabais ya casi acabando el doctorado… Aun así seguimos manteniendo el 
contacto, y aquí me tenéis ansioso por nuestra próxima cita!! Gracias por compartir 
vuestras experiencias como doctorandas, por vuestros valiosos consejos de cómo 
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abordar el día a día, por recargarme las pilas cada vez que nos vemos y por haber 
compartido juntos tantos momentos especiales junto con Budi, Tamara, Geno y 
Chacal. Ah! Y gracias Camila por la nueva incorporación al grupo de Binta, es una 
niña preciosa. En la temporada de campo del 2010, un experimento por poco no se 
nos fue al traste debido a la alta mortalidad por depredación y a una tormenta devas-
tadora en el pico de eclosión de los pollos. Recuerdo que un día llegué a un nido y 
me encontré las alas de la hembra sobre la hierba, los polluelos habían muerto de 
frio debido a que un mustélido había depredado a la madre. Hinqué las rodillas en el 
suelo de pura desesperación… Minutos más tarde llamé a Marianne, y me fui a co-
mer con ella a Pedrezuela. Quizás ella no fuera consciente, pero me dio una de las 
lecciones más importantes en investigación: en el laboratorio es más fácil controlar 
ciertas condiciones que en el campo no se pueden, y no por ello debemos “fustigar-
nos” cuando las cosas no salen como esperamos, porque prácticamente a todos los 
que hacemos este tipo de ciencia nos ha pasado. Después de aquello no volví a la-
mentarme, pero tampoco me iba a quedar con los brazos cruzados así que me fui a 
un Leroy Merlin y me agencié una serie de artilugios para dificultar la entrada de 
depredadores a los nidales experimentales que quedaban, y a día de hoy dos de los 
artículos que tenemos publicados proceden de los datos del 2010. Gracias Marianne 
por estar ahí conmigo aquel día, por animarme y enseñarme a mover las velas a 
favor del viento. 
Quiero aprovechar para dar las gracias de un modo un especial al equipo de 
Juanto Fargallo por el bonito vínculo que nos une a ambos grupos. Muchas gracias 
Juanto F. e Isabel L-R., por vuestras continuas muestras de afecto, por vuestro 
interés y preocupación durante todos estos años, y por todos esos buenos momentos 
que hemos disfrutado juntos en casa de Diego. Gracias a Jesús M-P., por ayudarme 
a abordar algunas de mis dudas con el programa estadístico S.A.S. que tantos que-
braderos de cabeza me ha dado; gracias además por tu trato cercano que siempre me 
ha hecho sentir tan a gusto, gracias por estar ahí cuando he tenido que recurrir a ti, 
especialmente con los últimos trámites burocráticos de la tesis. Muchas gracias a 
Pablo V., que aunque tristemente nos dejó antes de tiempo, no se fue sin dejar hue-
lla en muchos de los que tuvimos el gusto de conocerle… gracias por tener siempre 
unas palabras de ánimo, apoyo e interés. Agradecer también a Juan N. y a David I., 
todos esos momentos compartidos juntos, ya fuera tomándonos unos pacharanes 
como los vividos en el Ventorrillo. Gracias por hacer más amenos aquellos días, por 
compartir vuestras experiencias como doctorandos que en más de una ocasión he 
tomado como referente, y gracias por transmitir ese buen rollo y gran humor. 
Hay personas que pasan desapercibidas cuando en verdad son un eslabón 
clave en determinados aspectos prácticos de tesis como la mía. Es el caso de técni-
cos de laboratorio como Ángela A. (en mis primeros años de doctorado) y Pilar O. 
(en los últimos cuatro años de doctorado). Ángela, muchísimas gracias por ense-
ñarme a extraer ADN de muestras sanguíneas por diversos protocolos, verificando 
su concentración / calidad mediante el uso de NanoDrop / electroforesis; siempre 
tenías un hueco para mí y mis dudas sobre conversión de unidades, jejeje. Pilar, 
¿Qué hubiera hecho yo sin ti? ¡¡Lo mismo aún estaba haciendo PCRs para sexar a 
los polluelos sin que me salieran bandas tan nítidas y brillantes como las tuyas!! 
Gracias por transformar el protocolo más complejo en un recetario de cocina al al-
cance de cualquier mortal, gracias por tu paciencia y por tus tirones de oreja, gracias 
por estar tan pendiente de mí, por quererme quitar cualquier carga de trabajo que 
me supusiera un “extra”, por facilitarme tanto las cosas durante mi día a día en el 
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laboratorio, por tus pequeños detalles que para mí eran grandes, por tu alegría y 
espontaneidad, por tus cantos que me hacían sonreír en los momentos de más ago-
bio, por continuar con los miles de sexados de las siguientes temporadas de campo 
y que tanto han ayudado al desarrollo de esta tesis (sacabas ADN de las muestras 
más impensables, repitiendo algunas muestras hasta la saciedad), gracias de todo 
corazón porque para mí eres un ángel. También tengo que agradecer la ayuda pres-
tada en numerosas ocasiones por Isabel B., Lourdes A., Iván A., Ricardo G. y 
sobre todo por Yolanda J., quien me ayudó enormemente con el análisis de telóme-
ros de mis muestras mediante el uso de la PCR cuantitativa (trabajo que no se ve 
reflejado en esta tesis). 
Me gustaría agradecer también la ayuda prestada por Annie M., siempre que 
he necesitado algo del Laboratorio de Sistemática Molecular te he tenido ahí para 
solucionarme cualquier cosilla, desde mis dudas con las diluciones de los primers 
hasta con el uso del propio material o instrumental de laboratorio. Gracias por aten-
derme siempre con tanto agrado y por facilitarme todo cuanto he necesitado. No 
podría pasar por alto agradecer a todo el personal del Museo Nacional de Ciencias 
Naturales (MNCN-CSIC), en especial a Ángel y Carmen (Centralita), Chelo D. y 
Paloma C. (Administración), Eduardo R. (Compras), Encarna G. (Asuntos gene-
rales), Olga y Auri (Limpieza), y a el entrañable Pedro (Seguridad en turno de no-
che). Agradecer también de un modo especial a Santiago M., Carmen S. y Rai-
mundo V. (Dirección), que me han facilitado su ayuda tanto en la renovación de 
contratos como en la solicitud de permisos de estancia para continuar en el Centro. 
Aprovecho este apartado para mostrar mi agradecimiento por la organización de las 
Jornadas del Departamento de Ecología Evolutiva, que año tras año se han cele-
brado sin interrupción y que en un par de ocasiones he tenido el gusto de presentar 
algún trabajo que se ha visto beneficiado por los comentarios y/o sugerencias reali-
zadas por grandes investigadores como Juanto F., Juan M., Andrés B., Juanjo S., 
Luis Miguel B., Carlos A., Jose Javier C., etc. 
Durante estos seis años que he pasado en el Museo he tratado de aprovechar 
al máximo esta gran oportunidad de realizar la tesis en uno de los centros de inves-
tigación biológica más destacados de España (MNCN-CSIC). Sin embargo, a uno 
siempre le asaltan las dudas de que si se podrían haber jugado mejor las cartas, o de 
si haciendo unas cosas y no otras se hubiera optimizado el tiempo. Pero una cosa 
que no dudo ni por un segundo es de haber invertido mi tiempo en conocer a gente 
tan maravillosa como los que han sido mis amigos “los becarios”… En primer lugar 
quisiera agradecer a Carlos P. el haberme guiado hacía el apasionante mundo de la 
ornitología, ya que allá por el 2004/2005 me animaste a ir a la campaña de anilla-
miento de Salburua con Alejandro O. y Azaitz U., donde realmente empezó mi ver-
dadera vocación por estos seres emplumados. Gracias además por todas esas sesio-
nes de anillamiento que hemos compartido en la Sierra, la Autónoma o en las Minas 
(junto con Juancho C., Álvaro D., Óscar M… y el resto de miembros de Montícola), 
así como anillando rapaces y chotacabras por el Suroeste de Madrid. Fueron unos 
años de formación personal y profesional que nunca olvidaré, ¡¡gracias!! Agradecer 
también a Alex C. y Juan N. por haber tirado de mí en numerosas ocasiones para 
unirme al nuevo grupo de becarios que se estaba formando. Aquellos primeros pa-
charanes en industriales me hicieron conocer a gente realmente increíble que de otra 
forma hubiera sido difícil coincidir. Aunque todos y cada uno de los miembros de 
nuestro gran grupo de “pestuzos” (¡¡rozamos los 50!!) ocupa un lugar destacado en 
esta fase de mi vida, un conjunto de factores hace inevitable pasar más tiempo con 
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unos que con otros. Es el caso de Roger C., Eva S., Elisa P., Sergio A., Alex C., 
Jimena L. y Chio E., mil gracias por compartir tantos y tantos momentos conmigo, 
por hacerme sentir tan querido, por preocuparos tanto por mí, por vuestros numero-
sos detalles y por hacerme ver que todo esto de la tesis está muy bien y tal, pero que 
“Juntos es mejor” (¡¡y tanto que lo es!!). He aprendido muchísimo de vosotros, tan-
to de vuestros campos de investigación como de vuestras experiencias personales, 
anécdotas y consejos. Estos últimos años de tesis se han enriquecido enormemente 
con vuestra presencia. Gracias en particular a Roger por ayudarme tanto estos últi-
mos meses con el papeleo de última hora, y por alojarme en tu casa como si fuera 
de tu propia familia, me has facilitado enormemente las cosas. Mi más sincero 
agradecimiento a mis “Padelfuckers”: Carol B., Marti M., Octavio J., Roger C., 
Sergio A., Ramón V., Raúl G., Marcos P. y Salva H. Muchísimas gracias por 
esos “gloriosos” partidos de pádel y “monumentales” sesiones post-pádel de cerve-
zas y montaditos (balance energético del 10 si no fuera porque detrás de cada caña 
venia otra y otra… hasta que alguien decía “la última y para casa”, momento en el 
que ya uno no esperaba coger el último metro…). Gracias por mantener viva esa 
ilusión cada semana, por ese buen rollito tan característico entre todos nosotros y 
por enseñarme (entre caña y caña) desde conceptos de plasticidad fenotípica en 
plantas hasta nociones de ecología en avutardas y pingüinos (¡¡por destacar un as-
pecto más serio hombre!!). ¿No os ha pasado alguna vez que te cruzas con alguien 
un par de veces y sientes que le conoces de toda la vida? ¿No? Pues a mí, sí. Y es lo 
que sentí con Miriam C. Gracias por hacerme sentir tan especial, gracias por esos 
paseos de vuelta a casa desde el Museo en los que caía alguna que otra cerveza con 
una buena ración de conversación, gracias por escucharme, entenderme, valorarme 
y aconsejarme como lo haces, gracias por compartir tanto conmigo (incluidas esas 
sesiones de billar y dardos, jejeje). Parafraseando a Antoine de Saint-Exupéry, gra-
cias por domesticarme porque has hecho que para mí seas única en el mundo. Dar 
las gracias también a Laura G. y Virginia V., por vuestro especial interés en mí 
evolución con la tesis, por vuestra alegría en mis logros, por vuestros mensajitos de 
ánimo… muchísimas gracias por esa sensibilidad y buena vibra que transmitís. Gra-
cias a Dani Z., por tus ánimos, por tu confianza y afecto, por esos cafelitos y bue-
nos momentos compartidos. A Rodrigo M., muchísimas gracias por hacer hueco 
los días que he pasado por Madrid, gracias por tus útiles consejos y advertencias 
con todo el follón de los últimos trámites de la tesis, por organizar muchas de las 
quedadas y por estar ahí cuando lo he necesitado. Y de una forma general agradecer 
al resto de becarios del Museo todos y cada uno de los momentos que hemos com-
partido juntos, porque sin esos momentos de risas, comidas, jornadas, cañas… estos 
años por el Museo no hubieran sido tan especiales. Así que muchísimas gracias a 
todos vosotros: Alberto V. (Chechu), Alejandro I., Isaac P., Rafa B., Mireia P., 
Andrés F., Saioa F., Gemma P., Marga F., Diego Ll., José Manuel A., Sonia G., 
Geizi T., Nathália M., Paco F., Aurora T., Shirin T., Silvia C., Melinda H., Pa-
loma M., Silvia P., Raquel P., Esther S., Antonio P., Alazne D., Valentina R., 
Juan R., Javier S., Regan E., Mariana L., Fernanda A., Jorge N., Ángel A., etc. 
Durante mi última temporada de campo (primavera de 2014) tuve el privile-
gio de vivir en El Ventorrillo (estación biológica que dispone el MNCN-CSIC en la 
Sierra de Guadarrama). Fue realmente gratificante poder alojarme allí, ya que pude 
desplazarme a mi zona de estudio cómodamente, al tiempo que me permitió organi-
zarme y trabajar en un ambiente inmejorable. De ahí que agradezca de un modo 
especial a José M., Pilar L. y María Jesús, el haberme facilitado todo lo necesario 
durante mi estancia. No sólo yo me he beneficiado de estas instalaciones, sino que 
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también un gran número de estudiantes y voluntarios que han pasado por nuestro 
equipo, lo cual ha facilitado en gran medida nuestra logística. A nivel científico el 
Ventorrillo tiene un gran potencial, que se ve gratamente reforzado por su ubica-
ción; pero lo que realmente lo convierte en un lugar especial es la gente que pasa 
por él. Por ello no podría dejar pasar esta oportunidad para agradecer a todos y cada 
una de esas grandes personas con las que tuve el lujo de convivir. Many thanks to 
my Ventorrillo’s friends: Héctor B., Lucia M., Elodí F., Tim L., Filipe S., Octavio 
J., Dave D., Wouter B., Matthijs H., David I., Victor A., Gloria G., Gergely H. and 
Salvador H., who created a magical atmosphere of family life and made those 
months truly unforgettable. 
Algún que otro amigo se ha dejado engañar para echarme un cable con los 
muestreos y el seguimiento de nuestra población de estorninos, llegando incluso a 
estar presente en casi todas las temporadas de campo. Es el caso de Fer M., ¡¡Creo 
que he perdido la cuenta del número de veces que te has venido a la dehesa conmi-
go!! Muchísimas gracias por tu ayuda Vencejo, por tu paciencia en aquellos días 
que había que recorrerse la zona de punta a punta, por aguantar mis manías toman-
do los datos, por hacer aquellos días un poquito más especiales y llevaderos… Gra-
cias además por compartir juntos todos esos momentos que van más allá de los mu-
ros de la dehesa, han sido muchos años en los que te he tenido ahí cerca preocupán-
dote en todo momento por mi evolución con la tesis y alegrándote por cada peldaño 
superado. ¡Y gracias por presentarme a Naiara F.! Naiara, muchas gracias por tus 
continuas muestras de apoyo y afecto, por nuestras quedadas que tanto me ayudan a 
desconectar, y por convertirte en alguien tan especial durante estos últimos años. 
Muchísimas gracias también a Mónica G., especialmente por tu gran ayuda en la 
temporada de campo del 2012. Tu contribución en las capturas de adultos y en las 
semanas de pico de eclosión y/o medición de pollos fue vital para que las cosas se 
dieran tan bien ese año. Muchas gracias por tu disposición, energía y ganas de hacer 
bien las cosas. 
Aunque su presencia en la dehesa fuera mucho menos frecuente, no se me 
podía pasar por alto dar las gracias a dos grades amigas: Diana C. y a Ana G-C. 
Allá por el 2004, un recién llegado a Madrid tuvo la gran suerte de toparse en “Arti” 
con una cacereña de pura cepa, que se convertiría en una gran compañera de vida… 
Gracias Diana por estar estos 11 añitos ahí a mi lado, por estar tanto para lo malo 
como para lo bueno, por ser mi gran confidente, por hacerme el día a día más 
ameno y disfrutar tanto de tu presencia. Gracias por tu honestidad, tu espontanei-
dad, tu autenticidad, tu cariño, tu interés por mí (¡¡que hasta llegaste a venir un día 
al campo conmigo con lo poco que te gustan los bichos!!), por compartir tantos 
momentos conmigo, por tu amistad tan especial que tanto me ayudado durante to-
dos estos años… Y mil gracias a ti también Ana, por preocuparte tanto por mí desde 
el primer día que nos conocimos (allá en agosto del 2005 en la campaña de anilla-
miento de Salburua). Tu gran amistad hizo que me metiera de cabeza en el grupo de 
Montícola y mira tú por donde cuales han sido las consecuencias… porque desde 
luego esa etapa marcó mi trayectoria profesional. Muchísimas gracias por estar ahí 
conmigo aún en las rachas en las que he estado más ausente, por interesarte y ani-
marme tanto con la tesis, por tu visita a la dehesa, por nuestras largas conversacio-
nes con cerveza en mano o vía telefónica, por tus consejos, por ser un poco esa per-
sona que siempre he querido ser llevando tantísimas cosas hacia delante (y encima 
haciéndolas tan bien), por ser tan linda y cariñosa conmigo, por tu amistad since-
ra… ¡¡Gracias!! 
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Muchísimas gracias a todos mis amigos de “Mi Córdoba Mora” que me han 
acompañado no sólo en estos últimos años como estudiante de doctorado sino desde 
mucho antes de mi etapa madrileña. Por intentar no dejarme a nadie atrás me decan-
to por llevar cierto orden cronológico. Gracias a Rafael C., por estar ahí tan cerqui-
ta desde prescolar!! Creo que no mucha gente puede sentirse tan orgulloso como yo 
por guardar una amistad tan sincera y duradera como la tuya. Gracias por estar 
siempre tan pendiente de mí, siempre has sido un gran apoyo. Muchos fueron los 
amigos que aportaron en mayor o menor medida su granito de arena para construir 
la persona que a día de hoy soy (Fernando M., Javi M., María O…), pero no tantos 
los que se han mantenido cerca apoyándome en esta última etapa. De ahí que quiera 
agradecer de una forma especial a Elisa G., Leo C., Curro R. y Ana P., por formar 
parte de mi vida de una manera tan especial, por interesaros y alegraros tanto por 
con mis progresos con la tesis, por transmitirme esa energía cada vez que nos ve-
mos, por hacerme olvidar mis preocupaciones y por sentiros tan próximos. Muchí-
simas gracias también Dolores, Manolo M., Paco, Sara, Jesús, Patri, Pilar, Irene, 
Manolo, Manolo K., Sonia y Manoli, por tantos buenos momentos compartidos 
juntos, por hacer un hueco para vernos cada vez que bajo y por estar tan pendientes 
de mis avances. Agradecer enormemente a mis amigos de “los Chalets” (Mariaje, 
Bea, Paco, Jose Andrés, Carmen María y, por supuesto, mi hermana Elvira), que 
os quiero con tooooodo mi corazón y que independientemente del tiempo que lle-
vemos sin vernos actuamos como si nos hubiéramos visto un par de días antes. 
Nuestro vínculo va mucho más allá de cualquier amistad, os tengo siempre muy 
muy presentes. Desde que inicié mis estudios de biología en la UCO mi vida ha 
estado íntimamente ligada a grandes personas como Marina, Flori, Dolo, Cristina, 
Juanlu, Ema, Juan, Isa, Carmen, Rafa, Mariló y la niña de mis ojos, mi Patri. A 
todos y cada uno de vosotros os tengo que agradecer infinitamente haber comparti-
do juntos nuestros primeros años de carrera, los recuerdo con gran cariño y nostal-
gia. Gracias especialmente a Marina y Flori por ser tan cariñosas y atentas conmigo 
desde el día que nos conocimos haciendo la matrícula, a Dolo y Cristi (mis “bruji-
llas cocreteras”) por nuestros grandes encuentros y por vuestras continúas muestras 
de afecto; y mil gracias a Patri por ser tan sumamente especial en mi vida y por que-
rerme y valorarme tanto como lo haces. Gracias a Manolo C. (nunca podré llamarte 
Manu!! hahaha), por mantenerte cerca de mi pese a los giros que da vida, por preo-
cuparte tanto por mí y por valorarme de esa forma tan especial, por tus continuos 
“Pero tu… ¿cuándo vas a dejar de estudiar?”; y gracias por ese gran “paseo para 
recordar”. 
Durante el primer ciclo de biología en la UCO tuve el gusto de colaborar con 
Luis Arias de Reyna y Pilar Recuerda en el departamento de Zoología (Etología), 
a los que les estoy enormemente agradecido por adentrarme en el mundo de la in-
vestigación. Aquellas jornadas con los críalos me valieron para afianzar aún más mi 
vinculación con la ciencia. Además agradecer a Rafael Cadenas y Miguel Carras-
co el facilitarme realizar mis prácticas en el Centro de Recuperación de Especies 
Amenazadas (CREA) de los Villares. Aunque el segundo ciclo lo realicé en la 
UCM, posteriormente regresé a la universidad de Córdoba para trabajar junto a 
Ramón Maicas y Juan Fernández Haeger, quienes me otorgaron experiencia y 
conocimientos para realizar la toma de datos de campo ¡gracias por todo lo que me 
aportasteis y por mi primera coautoría! 
Siempre he considerado que he tenido mucha suerte conociendo a buenas 
personas, y es que durante mis estudios de 4º y 5 º de Biología en la UCM di con un 
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grupo de amigos de los que ya tienes de por vida… Muchísimas gracias a Laura (¡y 
a tu madre por los tuppers!), Emma, Ingrid, Óscar, Jose, Lucio y Juan, por tantí-
simos momentos compartidos juntos, por vuestras continuas muestras de apoyo y 
cariño, por cambiarme el chip y meterme caña cuando lo necesito. Mil gracias por 
ser tan especiales desde el primer momento que os conocí, ya fuera en las salidas de 
campo como en las fiestas de Riaza, los carnavales de Cádiz, haciendo el CAP, re-
dactando un proyecto de restauración o nuestro primer congreso!! Pese a vernos de 
higos a brevas os tengo a todos muy presentes, y sin vosotros esta etapa de mi vida 
no hubiera sido lo mismo ¡Gracias! Con Óscar tuve la oportunidad de profundizar 
en el mundo de la ornitología por medio de campañas de anillamiento. Esto nos 
llevó a conocer a gente increíble que no podría dejar de agradecer sus llamadas de 
teléfono, mensajitos y demás gestos de afecto: gracias a Ana, Carol, Cari, Diego, 
Eric, Belén, Gloria, Tere, Sadako, Dani, Pablo C., Sergio, Bego, Blanca, etc… 
además de a todos los componentes del grupo de anillamiento Montícola (UAM), 
en especial a Ana, Pilar S., Pilar, Paloma, Alberto, Estela, Álvaro, Carlos, 
Juancho, Miguel, Leandro, Jose, Jorge, Mónica, Bea, Paula, etc… 
Cuando me puse a escribir los agradecimientos no tenía muy claro cómo dis-
tribuir a las personas, porque a veces la gratitud personal supera a la profesional y 
viceversa. Quizás las personas que menciono ahora aparezcan al final de este apar-
tado, pero sin embargo están en el primer renglón de mi corazón. Si es que simple y 
sencillamente, no podría haber llegado hasta aquí sin ellos: 
Muchísimas gracias a Mª Carmen, my little butterfly, no solo has sido mi 
compañera de piso incondicional sino que has sido una compañera de vida. Gracias 
por todos y cada uno de los momentos que hemos compartido juntos, por dejar en 
algunos momentos de ser una amiga para convertirte en una hermana, por nuestro 
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Maternal effects can potentially affect ecological and evolutionary processes, improving 
the adaptation of offspring to variable environments. In birds, mothers can buffer off-
spring from the impacts of environmental heterogeneity by adjustment of resources, 
such as hormones, that are transmitted to the developing offspring via the egg. Exposure 
to steroids during early development has been shown to affect a variety of traits, leading 
to important fitness consequences.  
Although several experimental studies have shown how nestlings benefit from 
increased yolk androgens through increased growth and survival, high levels of yolk 
androgens also involve costs. Accelerated growth induced by yolk androgens may sup-
press immune responses because of the trade-off between body mass gain and immune 
function. Manipulation of the androgen environment of an embryo may also induce a 
wide range of life-history trade-offs. Most previous studies have focused on the effects 
of yolk androgens on early life stages. However, these maternal hormones can have 
long-term consequences on adult phenotype and fitness.  
In order to draw more accurate conclusions about the effect of yolk androgens as 
modulators of life-history trade-offs, one should consider that their consequences may 
vary depending on additional factors, such as embryo sex, developmental phase, type of 
androgen, dose and environmental context. Data for this thesis were obtained during the 
2009-2014 breeding seasons in a nest-box population located in central Spain (Soto del 
Real, Madrid). We manipulated androgen levels in spotless starling eggs (Sturnus uni-
color) and analyzed the balance of benefits and costs in early development, as well as 
their long term effects on adult phenotype and reproductive output.  
We found that the two main androgens found in avian yolks, testosterone (T) 
and androstenedione (A4), exert different effects on different traits of the developing 
nestling. However, their effects are not additive. Yolk androgens show complex dose-
response effects during early development, including both linear and non-linear re-
sponses for different nestling traits, supporting the idea that the balance of cost and ben-
efits is strongly determined by hormone levels (i.e. higher androgens levels are not al-
ways beneficial). In addition, these cost of androgen levels, often emerge as sex-specific 
immunosuppression, as high hormone levels negative impact some components of the 
innate and adaptive axes of the immune system (e.g. lysozyme activity of the plasma 
and cell-mediated immunoresponsiveness) in male nestlings but not in females. Also, 
the effect of yolk androgens on both pre- and post-hatching development and immune 
function is context dependent: increased yolk androgens accelerated embryonic devel-
opment and improved lymphocyte proliferation (a measure of adaptive immunity) in 
early clutches, but reduced nestling survival and lymphocyte proliferation in clutches 
laid at the end of the breeding season, when environmental conditions are harsher. Fi-
nally, yolk androgen levels not only modulated nestling development, but also exerted 
long term effects on key life-history traits in a sex-specific way. Hence, high yolk an-
drogens enhanced the development of a plumage sexual ornament in this species (the 
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length of throat feathers), but also impaired cellular immune function, survival rate and 
breeding success of birds hatched in late clutches. In females, in contrast, yolk andro-
gens did not exert long-term consequences on survival, but reduced clutch size and in-
creased egg volume, which resulted in transgenerational effects, increasing offspring 
size at the F1.  
Summarizing, our findings support the importance of hormone-mediated mater-
nal effects on individual phenotypic plasticity. Variations in yolk androgen levels exert 
both short- and long-term effects on different life-history traits that ultimately impact on 
offspring fitness. Thus, this Thesis confirms the implication of maternally derived an-
drogens on offspring performance, adding support to their role in mediating evolution-
ary changes. 
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Los efectos maternos pueden intervenir en diversos procesos ecológicos y evolu-
tivos, mejorando la adaptación de la descendencia a un ambiente cambiante. En aves, 
las madres pueden amortiguar el impacto de la heterogeneidad ambiental en la progenie 
mediante las hormonas que depositan en la yema del huevo. Aunque diversos estudios 
han mostrado que los andrógenos de la yema pueden beneficiar ciertos aspectos del 
desarrollo temprano de los pollos (incremento de la tasa de crecimiento y supervivencia, 
por ejemplo), unos niveles altos de estas hormonas también pueden conllevar costes 
para el individuo, como una inmunosupresión derivada, por ejemplo, del compromiso 
entre crecimiento y respuesta inmune. Aunque la mayor parte de los estudios realizados 
hasta ahora se han centrado en los efectos de estos andrógenos de origen materno sobre 
el desarrollo temprano del individuo, dichos efectos podrían tener también consecuen-
cias a largo plazo, alterando el fenotipo y la eficacia biológica del individuo a lo largo 
de su vida. 
Para evaluar de forma correcta el papel de los andrógenos de la yema como mo-
duladores de los compromisos de las estrategias vitales, debemos considerar también 
que sus efectos pueden variar en función de factores como el sexo del embrión, la fase 
del desarrollo, el tipo de andrógeno en cuestión, su dosis o el contexto ambiental en que 
se desenvuelve el individuo. En esta Tesis Doctoral, empleando como modelo de estu-
dio al estornino negro (Sturnus unicolor), manipulamos la concentración de andrógenos 
en yema en una población natural de la especie con el objeto de analizar el balance entre 
costes y beneficios durante el desarrollo temprano, así como los efectos sobre la estrate-
gia vital de los individuos a lo largo de su vida. 
Encontramos que los dos andrógenos más abundantes en la yema de huevo en 
aves, testosterona (T) y androstenediona (A4), afectaron a distintos rasgos del pollo du-
rante el desarrollo en el nido y que sus efectos no son aditivos. Estos andrógenos ejercen 
efectos dependientes de la dosis bastante complejos durante el desarrollo temprano, que 
pueden ser tanto lineales como no lineales en función del rasgo de que se trate. Esto 
sugiere que unos niveles altos de andrógenos en la yema no siempre resultan beneficio-
sos para el individuo, sino que el balance entre costes y beneficios de dichas hormonas 
depende enormemente de su concentración. Por otro lado, un incremento en los niveles 
de andrógenos en la yema tuvo un efecto inmunosupresor dependiente del sexo del po-
llo, afectando negativamente componentes tanto del eje innato (la actividad de la li-
sozima plasmática) y como adaptativo (respuesta inmunitaria celular) del sistema inmu-
nitario en machos, pero no en hembras. Además, el efecto de los andrógenos de la yema 
en el desarrollo previo y posterior a la eclosión fue dependiente del contexto ambiental: 
mayores niveles de andrógenos aceleraron el desarrollo embrionario y mejoraron la pro-
liferación linfocitaria (un componente de la respuesta inmune adaptativa) en puestas 
tempranas, pero redujeron la supervivencia en el nido y la proliferación linfocitaria en 
puestas realizadas al final de la estación, cuando las condiciones ambientales son más 
duras. Finalmente, los niveles de andrógenos en la yema no sólo afectaron al desarrollo 
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y estado del pollo en el nido, sino que también tuvieron influencia a largo plazo sobre 
ciertos rasgos de su estrategia vital, de nuevo dependiendo del sexo del individuo. Así, 
un incremento en los niveles de andrógenos del huevo se tradujo en un mayor desarrollo 
de las plumas de la garganta (un ornamento sexual en esta especie), pero afectó negati-
vamente la función inmunitaria celular, la tasa de supervivencia y el éxito reproductor 
en machos de puestas tardías. En hembras, en cambio, un incremento en la concentra-
ción de andrógenos en la yema no afectó a la supervivencia adulta, pero disminuyó el 
número de huevos puestos e incrementó su tamaño, lo que contribuyó a un efecto trans-
generacional de los andrógenos maternos, aumentando el tamaño de los descendientes 
en la F1. 
En resumen, nuestros resultados apoyan papel relevante de los efectos maternos 
mediados por hormonas en la plasticidad fenotípica de los individuos. Las variaciones 
en los niveles de andrógenos en la yema se traducen en efectos a corto y largo plazo en 
rasgos de la estrategia vital de los individuos que, en última instancia, tienen un impacto 
detectable en su eficacia biológica. Por tanto, esta Tesis Doctoral confirma la implica-
ción de los andrógenos de origen materno en el desempeño de la descendencia, apoyan-
do su papel mediador en los procesos de cambio evolutivo. 
 
  
 
 
 
 
 
The courtship 
 
The spotless starling shows a complex breeding strategy, with high 
rates of polygyny. Males present a group of ornamental throat feathers 
with enlarged and narrowed apical parts, which are much less devel-
oped in females. This sexually dimorphic plumage trait is displayed 
while singing and courting, as males sing with the bill raised and the 
feathers of the throat and breast conspicuously erected. 
a
  
a
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Evolution and phenotypic plasticity 
In his mythic voyage to the Galapagos 
Islands in 1835, Charles Darwin collected 
14 species of Finches that were mainly 
differentiated by beak size, whose shapes 
were adaptations to different diets availa-
ble among the islands. This led him to 
postulate that nature had selected the most 
suitable beak shape against less useful 
ones. However, Darwin just considered 
natural selection as the only factor in evo-
lutionary change, and did not propose 
other processes that provide variation be-
tween the members of a population. The 
theory was completed when the results of 
Gregor Mendel were brought to public 
light, showing that there was a recombina-
tion of parental traits in offspring. The 
concept of the gene was first conceived by 
Gregor Mendel in the 1860s, but it wasn't 
until 1909 that Wilhelm Johannsen coined 
the term "gene" to refer to discrete deter-
miners of inherited characteristics. Thus, 
this Danish biologist introduced the con-
cepts genotype and phenotype to differen-
tiate what he thought were distinct enti-
ties. According to his view, the genotype 
of an organism leads to the organism's 
phenotype through the process of devel-
opment, under the influence of the envi-
ronment (Johannsen, 1911). By merging 
these traditions, we could understand evo-
lution as a heritable change in the proper-
ties of populations of organisms or groups 
of such populations, over the course of 
generations (Futuyma, 1998), where the 
environment acts to select the most fit 
phenotypes.  
The causes and consequences of 
variation in phenotype could play a lead-
ing role in the understanding of the evolu-
tionary change of life history traits. In this 
sense, evolutionary biology highlights a 
key mechanism: phenotypic plasticity, 
which is defined as the capacity of a sin-
gle genotype to exhibit a range of pheno-
types in response to variation in the envi-
ronment (Fordyce, 2006). Although ini-
tially phenotypic plasticity was just ap-
plied to morphological changes induced 
by the environment (Woltereck, 1909; 
Schlichting and Pigliucci, 1998), any bio-
chemical, physiological, behavioural and 
life history trait could also show pheno-
typic plasticity (reviewed in Whitman and 
Agrawal, 2009). Changes in these traits 
might be vital to survive and reproduce 
above maintenance levels and, hence, are 
necessary for the persistence of the popu-
lation in heterogeneous and variable con-
ditions (Robinson and Dukas, 1999; 
Pigliucci et al., 2006; Zunzunegui et al., 
2011). In this context, Price and co-
authors specified that moderate levels of 
(adaptive) plasticity would optimal to per-
form in novel environments (Price et al., 
2003). This plasticity is adaptive, because 
individuals showing a plastic response 
have higher fitness than those that do not 
(Ghalambor et al., 2007). Plasticity en-
compasses a diversity of environmentally 
induced responses that can lead to differ-
ent potential evolutionary outcomes, de-
pending on the range of phenotypes are 
encountered by selection (Ghalambor et 
al., 2007; West-Eberhard, 2003). Most 
traits are plastic, but the degree to which 
plasticity is adaptive or non-adaptive de-
pends on whether environmentally in-
duced phenotypes are closer or further 
away from the local optimum (Ghalambor 
et al., 2015). Adaptive plasticity is a ten-
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dency for a genotype to express a pheno-
type that enhances its ability to survive 
and reproduce in each environment, while 
non-adaptive plasticity includes any re-
sponse to environmental induction that 
does not enhance fitness (reviewed in 
Fitzpatrick, 2012). It may have evolved as 
a consequence of variable conditions ex-
perienced in the ancestral environment 
(Levins, 1968; Via and Lande, 1985; Sul-
tan and Spencer, 2002; Price et al., 2003). 
Plasticity can be active or passive, which 
means that it is either predominantly an-
ticipatory or a consequence of the envi-
ronment, and can be considered at the 
level of genes, individuals, and popula-
tions (Forsman, 2014). Because no organ-
ism is infinitely plastic there must be lim-
its and costs that define the extension of 
this response (reviewed in Auld et al., 
2010). Phenotypic plasticity might evolve 
when there is a sufficient genetic variation 
(Via and Lande, 1987; Via et al., 1995) 
due to genetic correlations with other 
traits that are under selection or to genetic 
drift (van Kleunen and Fischer, 2005). 
Theoretical models for the evolution of 
adaptive phenotypic plasticity predict that, 
given genetic variation, selection will fa-
vour adaptive plasticity when: (i) popula-
tions are exposed to variable environ-
ments, (ii) environments produce reliable 
cues, (iii) selection favours different phe-
notypes in each environment, and (iv) no 
single phenotype exhibits superior fitness 
across all environments (reviewed in Gha-
lambor et al., 2007). Since plasticity was 
incorporated into the evolutionary frame-
work, environment has been recognised 
not only as playing a basic role in evolu-
tion by selecting among genetically fixed 
phenotypic variation, but also as a force 
generating that variation (Gilbert and 
Epel, 2009; Pfennig et al., 2010; West-
Eberhard, 2003). In summary, phenotypic 
plasticity could be considered as a key 
mechanism in buffering natural selection, 
producing new trait combination and 
shaping ecological speciation (Thibert-
Plante and Hendry, 2011).  
Our understanding of phenotypic 
development is occasionally limited by 
the artificial separation of gene expression 
and the ontogenetic trajectory in response 
to environmental changes. However, this 
frontier can be crossed when we under-
stand that phenotypic plasticity might be 
controlled by epigenetic mechanisms 
(Herman et al., 2014; Varriale, 2014). 
Heritable variation in phenotypes, and 
thus potential for evolutionary change, can 
in principle not only be caused by varia-
tion in DNA sequence, but also by under-
lying epigenetic variation. The term epi-
genetics refers to processes that induce 
heritable changes in gene expression 
without altering the gene sequence (Bird, 
2007; Frésard et al., 2013). These changes 
are not only heritable from cell to cell 
through lineage development, but also 
during the formation of gametes through 
meiotic cell division, and thus may be 
transmitted across generations and influ-
ence the phenotype of offspring (Gilbert 
and Epel, 2009; Jablonka and Raz, 2009; 
Daxinger and Whitelaw, 2012; Varriale, 
2014). Epigenetic processes are integral to 
determining when and where specific 
genes are expressed (Goldberg et al., 
2007); hence, alterations in these process-
es may lead to profound changes in phe-
notype. Epigenetic effects could provide a 
rapid source of phenotypic variation under 
novel conditions, which could affect the 
ability of populations to persist and there-
fore possibly affecting the performance 
and reproductive success of individual 
organisms.  
Maternal effects as a singular case of 
phenotypic plasticity 
In order to increase fitness, individuals 
may avail themselves of the information 
provided by the environment to adopt op-
timal strategies. In the context of natural 
selection, being able to take predictive 
information and modifying strategies 
would be positively selected. Recent stud-
ies indicate that in some cases environ-
mentally induced epigenetic changes may 
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be inherited by future generations (Rich-
ards, 2006; Bossdorf et al., 2008), which 
could affect the evolutionary trajectories 
of populations and the life history traits of 
organisms (Daxinger and Whitelaw, 2012; 
Varriale, 2014). It is in this sense that pa-
rental effects (usually from maternal 
origin) could appear as a source of epige-
netic changes allowing a rapid adjustment 
to changing conditions. These epigenetic 
modifications can result in phenotypic 
changes at the cellular and subsequently 
organismal level. Changes in the parental 
condition that in turn affect the phenotype 
of their offspring create a transgeneration-
al epigenetic (non-genetic) phenomenon 
that can persist over many generations 
(see above). As it has been reviewed by 
previous publications (Mousseau et al., 
2009; Badyaev and Uller, 2009), parental 
effects mean different things to different 
scientists and in different areas of biology. 
Thus, parental effects could represent dis-
crete static components of phenotypic 
variance in the context of quantitative 
genetics (e.g., Wolf and Wade, 2009). At 
the same time, several studies have inter-
preted parental effects as adaptations (e.g., 
Crean and Marshall, 2009; Harris and 
Uller, 2009), as well as the side-effects of 
parent–offspring trade-offs in behavioural 
and evolutionary ecology (e.g., Duck-
worth, 2009; Russell and Lummaa, 2009). 
Finally, these epigenetic changes could 
also be interpreted as a transgenerational 
transfer of essential developmental tem-
plates and resources in animal physiology 
and developmental biology (e.g., Brown 
and Shine, 2009) or as an initial stage in 
the evolutionary process of change 
(Badyaev, 2009). 
Within a wider evolutionary 
framework, parental effects allow an in-
crease in the offspring fitness by reliably 
transferring developmental resources 
needed to reconstruct, maintain and modi-
fy genetically inherited components of the 
phenotype (Badyaev and Uller, 2009). 
Adaptive transgenerational plasticity is 
predicted to evolve in cases when the pa-
rental environment reliably predicts off-
spring environment (Agrawal et al., 1999; 
Galloway, 2005; Marshall and Uller, 
2007). Both paternal and maternal envi-
ronments may contribute to such 
transgenerational plasticity, although ma-
ternal effects are typically greater in mag-
nitude than paternal effects (e.g. Schmid 
and Dolt, 1994; Lacey, 1996; Etterson and 
Galloway, 2002). More specifically, ma-
ternal effects are considered epigenetic 
modifications of offspring phenotype 
caused by the environment provided by 
the mother during development 
(Mousseau and Fox, 1998). Adaptive ma-
ternal effects arise when the environment 
or phenotype of the mother influence traits 
linked to offspring fitness, including mor-
phology, physiology, behaviour, and re-
productive success (Bernardo, 1996a, b; 
Mousseau and Fox, 1998; Marshall and 
Uller, 2007, Wolf and Wade, 2009; Gil-
bert and Epel, 2009). Thus, without any 
change in offspring DNA sequence, moth-
ers may adjust by phenotypic plasticity the 
development of their offspring to envi-
ronmental conditions to increase Darwini-
an fitness (Mousseau and Fox, 1998). 
When maternal effects increase the fitness 
of offspring in the presence of environ-
mental change, they are sometimes called 
‘adaptive transgenerational phenotypic 
plasticity’ or ‘anticipatory maternal ef-
fects’ (Fox et al., 1997; Agrawal et al., 
1999; Marshall and Uller, 2007). For ex-
ample, mothers exposed to predators can 
produce predation-resistant offspring such 
that both maternal and offspring fitness 
are maximised (Agrawal et al., 1999). 
Alternatively, mothers may use maternal 
effects to manipulate offspring for their 
own survival in cases of conflict. Howev-
er, regardless of whether maternal effects 
increase or decrease survival or reproduc-
tive success of individual offspring, selec-
tion ultimately would play to maximise 
maternal fitness (Bernado, 1996a; Mar-
shall and Uller, 2007). Thus maternal ef-
fects would be the result of parent-
offspring interactions, whose selection 
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pressures sometimes have conflicting in-
terests (Trivers, 1974). 
The adaptive value of maternal ef-
fects has been demonstrated in various 
animal and plant taxa (reviewed by Ber-
nardo, 1996a; Mousseau and Fox, 1998; 
Galloway, 2005; Groothuis et al., 2005a; 
Hasselquist and Nilsson, 2009). Mothers 
could buffer offspring from the impacts of 
environmental heterogeneity by the ad-
justment of resources that may be trans-
mitted to the developing offspring via the 
placenta, egg, or seed (Roach and Wulff, 
1987; Schwabl, 1996a; Mousseau and 
Fox, 1998; Grindstaff et al., 2003; 
Maestripieri and Mateo, 2009). In mam-
mals, maternal factors can be transferred 
via the placenta, the colostrum (the milk 
produced for the first few days after birth 
which is a rich natural source of nutrients, 
antibodies, and growth factors for the 
suckling neonate) or in regular milk dur-
ing lactation (Glezen, 2003; Siegrist, 
2003; Lemke et al., 2004). In birds, rep-
tiles and fishes, most maternal factors are 
mainly transferred via the egg to the off-
spring (Bly et al., 1986; Schumacher et 
al., 1999; Grindstaff et al., 2003), so this 
maternal transmission in oviparous spe-
cies is mainly focussed before birth. In 
short, maternal effects have the potential 
to profoundly affect ecological and evolu-
tionary processes, improving the adapta-
tion of offspring to variable, but predicta-
ble, environments (Bernardo, 1996a, b; 
Mousseau and Fox, 1998; Fox and Savalli, 
2000; Badyaev et al., 2002; Rotem et al., 
2003; Galloway, 2005; Räsänen and 
Kruuk, 2007; Marshall and Uller, 2007; 
Galloway and Etterson, 2007). 
Maternal effects in avian species: the 
egg value 
In birds, as in other oviparous species, 
development of the embryo occurs within 
a self-contained egg environment, the 
characteristics of which are a direct result 
of the maternal condition at the time of 
egg formation (Price, 1998; Poisbleau et 
al., 2009). Avian maternal effects could 
be related to egg size and quality (Ruboli-
ni et al., 2011), as well as postnatal factors 
such as efficiency of incubation, nestling 
feeding and level of predator defence 
(Krist, 2011). One of the most studied 
proxies of female investment in eggs is 
probably egg size (Bernardo, 1996a; 
Christians, 2002), which may have direct 
effects on growth and survival of off-
spring (Williams, 1994; Amundsen, 1995; 
Dzialowski and Sotherland, 2004; Reed et 
al., 2009). In addition, mothers may adjust 
the development and the phenotype of 
their offspring to environmental condi-
tions by an adaptive allocation of re-
sources into the egg. These maternally-
derived components could be nutrients 
(e.g. proteins and lipids) which are im-
portant for the development of the em-
bryo, antioxidants (e.g. yolk carotenoids) 
that reduce lipid peroxidation in the em-
bryo and enhance immune function (Surai 
and Speake, 1998; Blount et al., 2000; 
Royle et al., 2001; Biard et al., 2005), 
immunoglobulins which provide the pri-
mary form of humoral immune defence 
for the offspring (reviewed by Grindstaff 
et al., 2003; Morales et al., 2006; Bou-
linier and Staszewski, 2008; Hasselquist 
and Nilsson, 2009), albumen lysozymes as 
a component of the antibacterial immunity 
(e.g. Trziszka, 1994; Saino et al., 2002b), 
and hormones, such as androgens (testos-
terone, androstenedione and dihydrotes-
tosterone), estrogens and corticosterone 
(reviewed in Gil, 2003; Groothuis et al., 
2005a; Gil, 2008). These resources are 
often physiologically costly, and can in-
fluence nestling fitness and survival (Wil-
liams, 1994; Nager et al., 2000). The con-
centration of these components may vary 
depending on environmental information 
perceived by the mother, such as tempera-
ture, food availability or mate quality 
(Kaplan, 1992; Sheldon, 2000; Benton et 
al., 2005). Consequently the effects of egg 
size and its composition on offspring fit-
ness are among the most commonly re-
searched maternal effects, where class 
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Aves has been possibly the most studied 
taxon (Krist and Remeŝ, 2004; Krist, 
2011). 
Steroid hormones as modulators of ma-
ternal effects in birds 
Based on an extensive literature, it can be 
argued that avian eggs provide excellent 
models to study hormone-mediated ma-
ternal effects since embryos develop out-
side the mother’s body in relatively large 
eggs, facilitating descriptive and experi-
mental studies (reviewed in Groothuis et 
al., 2005a; Groothuis and Schwabl, 2008; 
Gil, 2008; Ruuskanen, 2015). Maternal 
hormones are important mediators of pre-
natal maternal effects since important and 
variable amounts of maternal steroids can 
be transferred from the mother to the off-
spring during egg production (Schwabl, 
1993; Love et al., 2005). In fact, hor-
mone-mediated maternal effects, such as 
exposure to androgens during early devel-
opment can exert both short- and long-
term effects on various offspring traits, 
with potential fitness consequences 
(Schwabl, 1993; Lipar and Ketterson, 
2000; Eising et al., 2001; Andersson et 
al., 2004; Sockman and Schwabl, 2000; 
Ruuskanen and Laaksonen, 2010; Ruus-
kanen et al., 2012). Groothuis and 
Schwabl (2008) suggested that maternal 
steroids are suitable components for ex-
ploring the adaptive value of maternal 
effects for two main reasons: Firstly, they 
are integral regulatory signals in the cas-
cade of programmed processes of devel-
opment and differentiation that leads from 
genotype to phenotype; and secondly, they 
are integral mediators of phenotypic re-
sponses by adults to environmental cues 
and change (Groothuis and Schwabl, 
2008).  
In avian species, several steroid 
hormones have been identified in yolks, 
including glucocorticoids (Kozlowski and 
Ricklefs, 2010), estrogens (Carere and 
Balthazart, 2007), and androgens 
(Schwabl, 1993). For example, the effects 
of prenatal exposure to glucocorticoids, 
such as corticosterone, are variable be-
tween species, but may directly affect 
offspring fitness (Hayward et al., 2004; 
Love et al., 2005; Groothuis and Schwabl, 
2008). However, most studies over the last 
20 years have focused on egg androgens, 
mainly testosterone (T), androstenedione 
(A4), and 5α-dihydrotestosterone (DHT), 
which are single-step metabolites of the 
ovarian androgen synthesis pathway 
(Groothuis et al., 2005a; Groothuis and 
Schwabl, 2008; Gil, 2008). Thus, A4 is 
converted to T by 17b-hydroxysteroid 
dehydrogenase (17β-HSD), but also these 
androgens are potentially converted to 
estrogens (estrone and estradiol), particu-
larly by aromatase (CYP19). Additionally, 
5α-reductase converts testosterone to 5α-
DHT, an androgen which can act only via 
the androgen receptor and which cannot 
be converted to T or estrogens (Groothuis 
and Schwabl, 2008; Carere and Baltha-
zart, 2007; Sanderson, 2006). 
External factors such as day 
length, temperature, food, behaviour, or 
social status provide the trigger for oogen-
esis and ovulation (reviewed in Gil, 2008), 
while maternal transfer of androgens to 
the egg may be determined by both with-
in- and between-clutch variation patterns 
(reviewed in Groothuis et al., 2005a; Gil, 
2008) (see below). Maternal hormones 
can get into the egg either by a direct in-
corporation from the steroidegenic cells 
that surround the follicle (concentric lay-
ers of tissue that surround the oocyte) 
while the yolk is being formed (Huang et 
al., 1979; Johnson, 1999) or through dif-
fusion from blood vessels or the female’s 
internal organs before the shell is formed 
(reviewed in Gil, 2008). Thus we would 
expect to find a positive correlation be-
tween different steroids in the plasma lev-
els of the ovulating female (estradiol, cor-
ticosterone, androgens) and yolk hormo-
nal levels (e.g., Schwabl, 1996b; López-
Rull and Gil, 2009). In this line Schwabl 
(1997a) reported a positive correlation 
between maternal faecal testosterone (as-
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sumed to reflect circulating plasma levels) 
and yolk testosterone. However, the pro-
portion of these steroids in the plasma 
levels are not always correlated with egg 
deposition levels, showing that there is not 
a simple passive mechanism from plasma 
to egg (Williams et al., 2004). There is 
extensive literature on the possible mech-
anisms and implications of the androgen 
deposition to eggs (Groothuis and 
Schwabl, 2008; Williams, 2012). Some 
recent evidence suggests that there is 
scope for independent regulation, but it 
must be kept in mind that even if there is 
no regulation, it does not mean that hor-
mone transfer could not be adaptive (re-
viewed in Ruuskanen, 2015). Although 
adaptive functional and evolutionary stud-
ies continue to proliferate rapidly, the un-
derlying physiological mechanism that 
enables the female to regulate the steroid 
hormone content of her eggs has not yet 
been firmly established, and the source of 
yolk steroids itself is a question that 
should be rigorously addressed in future 
studies. 
Differential allocation of yolk an-
drogens to eggs within a clutch may allow 
mothers to shape the development and the 
competitive asymmetries within their 
brood (Schwabl et al., 1997b). In this 
way, increased androgens in the last egg 
of asynchronously hatching clutches could 
compensate for age- and size-related dis-
advantages of the chick hatching from that 
egg (Lipar and Ketterson, 2000). In line 
with this idea, yolk androgen concentra-
tions are often found to increase with the 
position of an egg in the laying sequence 
(Schwabl, 1993; Lipar et al., 1999; Sock-
man and Schwabl, 2000; Eising et al., 
2001; Pilz et al., 2003). In order to max-
imize offspring fitness, maternal yolk an-
drogen concentrations not only vary 
across the laying sequence within clutches 
(Schwabl, 1993; Eising et al., 2001; 
Schwabl et al., 1997b; López-Rull and 
Gil, 2009) but also exhibit an even larger 
variation between clutches (Groothuis et 
al., 2005a; Gil, 2008). Three main sources 
of variation have been found to explain 
differences between clutches in yolk an-
drogen levels: female quality (e.g. 
Tschirren et al., 2004, Tanvez et al., 2007, 
Pilz et al., 2003 but see Tobler et al., 
2007a; Verboven et al., 2003); maternal 
environment , such as food availability 
(Verboven et al., 2003; Gasparini et al., 
2007; Benowitz-Fredericks et al., 2013), 
photoperiod (Schwabl, 1996b) or ectopar-
asite abundance (Tschirren et al., 2004; 
Postma et al., 2014); social factors affect-
ing the mother, like aggressive interac-
tions (Whittingham and Schwabl, 2002), 
mate attractiveness (Gil et al., 1999, 2004; 
Uller et al., 2005; Gwinner et al., 2013), 
or breeding density (Schwabl, 1997a; 
Groothuis and Schwabl, 2002; Pilz and 
Smith, 2004). These factors may influence 
the amount of androgens deposited by 
females in the eggs, but also conform an 
external context that may affect the final 
balance of the physiological trade-offs 
mediated by yolk androgens (e.g. Mar-
tínez-Padilla et al., 2014). Thus experi-
ments testing the context- and dose-
dependent effects of androgens on off-
spring performance are required to under-
stand how mothers adjust the yolk andro-
gen levels to each breeding context in 
order to maximize offspring fitness, from 
an adaptive perspective. 
Maternal androgens as a mediator of 
life-history trade‐offs 
Beyond parent-offspring and sexual con-
flict over parental investment (Trivers, 
1974; Godfray, 1995), female birds may 
deposit variable amounts of physiological-
ly active substances into egg yolks (Wil-
liams, 1994; Bernardo, 1996b) in order to 
adjust the offspring phenotype to specific 
requirements (Mousseau and Fox, 1998; 
Giordano et al., 2014). Although several 
experimental studies, in which fresh eggs 
were injected with androgens, have shown 
how nestlings benefit from increased yolk 
androgens, e.g. in terms of increased 
growth and survival (reviewed in Gil, 
2008), high levels of yolk androgens also 
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involve costs (e.g. Navara et al., 2005; 
Tobler et al., 2007b). Manipulation of the 
androgen environment of an embryo may 
also induce a wide range of life-history 
trade-offs both in the short- and long-
term (reviewed in Groothuis et al., 2005b; 
Gil, 2008; Ruuskanen, 2015). 
Short-term effects 
Small increases in yolk androgen levels 
may stimulate the development of the 
hatching muscle during embryonic devel-
opment (Lipar and Ketterson, 2000), ac-
celerate embryonic development (Eising 
et al., 2001; Eising and Groothuis, 2003), 
enhance post-natal growth rate (Schwabl, 
1996a; Eising et al., 2001; Pilz et al., 
2004; Navara et al., 2005), improve com-
petitive behaviour in nestlings (Müller et 
al., 2009, 2012) or intensify begging be-
haviour (Schwabl, 1996a; Eising and 
Groothuis, 2003), suggesting that maternal 
yolk androgens are generally beneficial to 
offspring.  
However, one might expect that 
prenatal exposure to androgens can also 
entail some negative side effects (re-
viewed in Navara and Mendonça, 2008), 
given the premises of the immunocompe-
tence handicap hypothesis (Folstad and 
Karter, 1992). According to this hypothe-
sis, androgens could be beneficial for 
some traits such as the production of male 
secondary sexual traits, but also harmful 
due to their immunosuppressive effects 
(reviewed in Owen-Ashley et al., 2004; 
but see Roberts et al., 2004; Groothuis 
and Schwabl, 2008). In a similar way, the 
accelerated growth induced by yolk an-
drogens, may lead to suppression of im-
mune responsiveness because of the trade-
off between body mass gain and immune 
function. Such trade-off may arise because 
both processes are energetically costly and 
compete for the limited resources (re-
viewed by Sheldon and Verhulst, 1996; 
Lochmiller and Deerenberg, 2000; Demas, 
2004), although this may not be the sole 
cause (reviewed in Groothuis et al., 
2005a; Gil, 2008). Thus, yolk androgens 
may mediate this trade-off, resulting in 
potentially negative effects on the immune 
system (Müller, et al., 2005; see also 
Tschirren et al., 2005). It has indeed been 
found that prenatal androgen overexpo-
sure may decrease cellular and humoral 
immune responsiveness elicited by stand-
ard in vivo challenges by lipopolysaccha-
rides, phytohemagglutinin or sheep red 
blood cells in developing nestlings 
(Groothuis et al., 2005b; Müller et al., 
2005a; Navara et al., 2005; Sandell et al., 
2009). The differences reported in the 
literature on the relationship between ex-
perimentally manipulated levels of yolk 
androgens and subsequent immune re-
sponsiveness of androgen-treated nest-
lings could be because trade-offs between 
different components of the immune sys-
tem itself (Martin et al., 2006; Forsman et 
al., 2008; Tobler et al., 2010; Clairardin et 
al., 2011). However, few studies have 
explored simultaneously the effects of 
yolk androgens on more than one compo-
nent of the immune system (e.g. Müller et 
al., 2005a; Sandell et al., 2009). 
Long-term effects 
Several studies have shown that the trans-
fer of maternal hormones to the eggs can 
have long-lasting consequences on adult 
phenotype and fitness (reviewed by Ber-
nardo, 1996a, b; Mousseau and Fox, 1998; 
Galloway, 2005; Groothuis et al., 2005a; 
Gil, 2008), supporting a potential mediat-
ing role of yolk androgens life-history 
trade-offs (Groothuis et al., 2005b; Uller 
et al., 2007; Gil, 2008). Although not 
much attention has been paid to the mech-
anisms underlying yolk hormone-
mediated maternal effects (Groothuis and 
Schwabl, 2008), potential pathways may 
include organizational and long-lasting 
activational effects (Pfannkuche et al., 
2011), changes in the steroid production 
after hatching or alterations in the andro-
gen receptor density (Pfannkuche et al., 
2011; Vergauwen et al., 2014; but see 
Rubolini et al., 2014). 
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Beyond the specific mechanisms, 
there is increasing evidence that yolk 
hormone-mediated effects generate phe-
notypic changes that also persist into 
adulthood (sexual characteristics: Strasser 
and Schwabl, 2004; Eising et al., 2006; 
Rubolini et al., 2006; but see Ruuskanen 
et al., 2013; competitive abilities: e.g. 
Strasser and Schwabl, 2004; Eising et al., 
2006; Partecke and Schwabl, 2008; Müller 
et al., 2010; but see Vergauwen et al., 
2014; reproductive capacity: Uller et al., 
2005; Rubolini et al., 2007; dispersal: 
Tschirren et al., 2007; general activity, 
aggressiveness, boldness, or anti-predator 
behaviour: Strasser and Schwabl, 2004; 
Daisley et al., 2005; Eising et al., 2006; 
Tobler and Sandell, 2007; Partecke and 
Schwabl, 2008; Ruuskanen and Laak-
sonen, 2010; life span: Schwabl et al., 
2012), which also opens a window to po-
tential trans-generational effects of mater-
nal yolk hormones. 
These long-lasting hormone-
mediated maternal effects may differ be-
tween males and females (e.g. Tobler and 
Sandell, 2007; Ruuskanen and Laaksonen, 
2010), with potentially opposing conse-
quences for fitness-related traits. Thus, 
several studies have suggested that fe-
males may suffer negative effects on re-
productive traits (reduced number of eggs: 
Uller et al., 2005; reduced laying activity 
and egg fertility: Rubolini et al., 2007; 
lower copulation frequency: Bonisoli-
Alquati et al., 2011a), whereas males may 
benefit from high yolk androgen concen-
trations via positive effects on traits that 
are potentially linked to male mating suc-
cess such as sexual ornamentation (Eising 
et al., 2006; Strasser and Schwabl, 2004; 
Bonisoli-Alquati et al., 2011b; but see 
Rubolini et al., 2006; Müller and Eens, 
2009; Ruuskanen et al., 2012a, 2013). On 
the other hand, if yolk androgens have a 
positive effect on offspring body size and 
condition at independence, this could indi-
rectly have a positive impact on long-term 
fitness consequences that are size-
dependent, such as the probability of ac-
quiring a territory, recruitment or repro-
ductive success. Thus, long-term studies 
could shed light on the fitness conse-
quences of yolk hormones by measuring 
the effects of embryonic exposure to ma-
ternal androgens on overall survival, adult 
phenotype, behaviour and life-time repro-
ductive success. 
Considerations for interpreting the var-
iable effects of yolk androgens 
In experimental studies on hormone-
mediated maternal effects, injections of 
androgens into the yolk are usually carried 
out to simulate a differential maternal al-
location of resources in response to a hy-
pothetical external stimulus. Thus, birds 
provide excellent models since their em-
bryos develop outside the mother's body 
in relatively large eggs (Groothuis et al., 
2005a). Using injections of radiolabelled 
testosterone in freshly laid eggs, von 
Engelhardt and co-authors showed that the 
injected testosterone was metabolised in 
the egg from day 1 of incubation and tak-
en up by the embryo (von Engelhardt et 
al., 2009), suggesting that the embryo 
plays an active role in modifying the hor-
monal levels that mothers transfer to 
them. Experimental studies have demon-
strated that maternal hormones, and in 
particular maternal androgens, can affect 
various aspects of offspring phenotype, 
including growth, physiology and behav-
iour (reviewed in Groothuis et al., 2005a; 
Gil, 2008). Nevertheless, the results of 
previous studies on the effects of yolk 
androgens are not consistent either with 
respect to growth or to immune function. 
The exposure to elevated levels of mater-
nal yolk androgens may in some cases 
reduce growth and survival of nestlings 
(Sockman and Schwabl, 2000, Rubolini et 
al., 2006), or stimulate (Navara et al., 
2006) or not have any change in immune 
function (Tschirren et al., 2005; Pitala et 
al., 2009). In addition, several studies 
have found a positive relationship be-
tween yolk androgen levels and begging 
rate (Schwabl, 1996a, Eising and 
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Groothuis, 2003, von Engelhardt et al., 
2006, Barnett et al., 2011) while other 
studies showed that androgen-treated birds 
were slower to respond and begged at 
lower rate (Pilz et al., 2004) or simply no 
evidence of effects on begging 
(Boncoraglio et al., 2006, Saino et al., 
2006, Müller et al., 2010). Hence, the ef-
fects of yolk androgens on nestling 
growth, immune function, survival or be-
haviour are far from clear. Therefore, to 
draw more accurate conclusions about the 
effect of yolk androgens as modulators of 
the life-history trade-offs, we should con-
sider that their consequences may vary 
depending on specific issues, such as spe-
cies of study, sex, age, type of androgen, 
dose and environmental context. 
 Species-specific effects 
Studies of a single species can do little to 
shed light on trade-offs between life-
history traits (Stearns, 1992). Only com-
parative studies encompassing a large 
number of species can provide a thorough 
understanding of the selective forces that 
underlie the evolution of these traits (re-
viewed in Gil, 2003). As it has been pre-
viously mentioned, yolk androgen concen-
tration may be strongly influenced by lay-
ing order, but this pattern changes com-
pletely depending on the species. Several 
studies have shown that androgen concen-
tration increases with increasing laying 
order in Canaries, Red-winged blackbird 
or European starling (Schwabl, 1993a; 
Lipar et al., 1999; Pilz et al., 2003; re-
spectively), while in other species, such as 
the Cattle egret or Zebra finch (Schwabl et 
al., 1997, Gil et al., 1999, respectively), 
the pattern is reversed. However, in other 
species there is no apparent trend (Whit-
tingham and Schwabl, 2002; Ellis et al., 
2001). Thus, evidence for an adaptive 
value of androgens as regulators of sibling 
competition is not conclusive, since in-
creasing levels of androgen with increas-
ing laying order may buffer the effects of 
asynchronous hatching (Lipar and Ketter-
son, 2000; Eising et al., 2001), but also 
have opposite effects (Sockman and 
Schwabl, 2000). Differences among spe-
cies in the pattern of androgen allocation 
with respect to laying order imply the ex-
istence of different selective pressures 
(Gil, 2003). Differences between species 
are quite large, not only in concentration 
but also in the type of androgen (reviewed 
in Gil, 2003). In some species the most 
abundant egg androgen is androstenedione 
(Cattle Egret: Schwabl et al., 1997), 
whereas in others it is testosterone (Com-
mon Canary: Schwabl, 1997a). Other 
studies suggest that the difference be-
tween studies may be a consequence of 
different feeding strategies between dif-
ferent species, or as a result of being pre-
cocial or altricial species (Andersson et 
al., 2004; Groothuis and Schwabl, 2008). 
Sex-specific effects 
Maternal androgens can affect a given 
trait in both sexes or only in one sex (re-
viewed in Groothuis and Schwabl 2008; 
Gil, 2008). This suggests that elevated 
androgens in egg yolks may have differen-
tial effects on male and female embryos or 
offspring phenotype because of differen-
tial susceptibility of the two sexes to sex 
hormones (Badyaev, 2002). For example, 
in the American kestrel, androgen injec-
tions into yolk decreased growth of male 
but not female nestlings (Sockman et al., 
2008). Similarly, in zebra finches, exper-
imentally elevated yolk androgen concen-
trations enhanced the growth rates of fe-
males but reduce them in males (Rutkow-
ska and Cichon, 2006; Rutkowska et al., 
2007; von Engelhardt et al., 2006), 
whereas in barn swallows, the effect was 
the opposite, females suffering while 
males benefiting from an increase in yolk 
androgens (Saino et al., 2006). In addi-
tion, in the black-headed gulls, pharmaco-
logical treatment of eggs with an antago-
nist of the androgen receptor elevates 
growth of male nestlings and inhibits 
growth of female nestlings (Müller et al., 
2005a). These sexually contrasted effects 
of yolk androgens could have led to 
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mechanisms of sex-specific androgen ex-
posure (e.g., Young and Badyaev, 2004). 
However, a constraint in the evolution of 
high levels of yolk androgens may also be 
related to antagonistic effects on male and 
female offspring (Müller et al., 2005b, 
von Engelhardt et al., 2006, Saino et al., 
2006, Rutkowska et al., 2007), which 
could mean that mothers are not able to 
differentially allocate androgens in rela-
tion to embryo sex (Saino et al., 2006). 
However, sex-specific effects are not al-
ways present (e.g., Eising et al., 2006; 
Müller et al., 2004). This heterogeneity 
could be due to differences in ontogenetic 
mechanisms relative to sexual dimor-
phism, but few data are available yet to 
conduct a comparative analysis of this 
aspect. 
Type of androgen 
Since the discovery of maternal androgens 
in avian egg yolk (Schwabl, 1993), a large 
number of studies on hormone-mediated 
maternal effects has emerged (reviewed in 
Groothuis and Schwabl 2008; Gil, 2008; 
Ruuskanen, 2015). However, the large 
difference among studies in the type of 
androgens injected hinders the task of 
drawing conclusions (T+A4: e.g. Sock-
man et al., 2008; Pitala et al., 2009; Ruus-
kanen et al., 2012a, b; Eising and 
Groothuis, 2003; Müller et al., 2005a, 
Müller and Eens, 2009; A4: e.g. Hegyi 
and Schwabl, 2010; Sockman and 
Schwabl, 2000; T: e.g. Lipar and ketter-
son, 2000; Andersson et al., 2004; 
Tschirren et al., 2007; Strasser and 
Schwabl, 2004; Schwabl et al., 2011; 
Vergauwen et al., 2011; Navara et al., 
2005; Tobler et al., 2007, Barnett et al., 
2011). Gil and co-authors (2007) suggest-
ed that studies should consider at least the 
specific mechanisms of the 2 dominant 
androgens, A4 and T, and their differential 
metabolic pathways with respect to im-
munity and development, since the differ-
ential effect of yolk A4 on developmental 
periods and the contrasting influences of 
coloniality on the two androgens suggest-
ed that each androgen had specific ac-
tions. In this line, Hegyi and co-authors 
(2011) suggested that in some species, 
especially those with much more A4 than 
T in the yolk, A4 and not testosterone may 
be the yolk androgen with a long-term 
function and adaptive deposition pattern. 
According to these findings, a recent 
study reveals that yolk A4 and yolk T are 
associated with different biological conse-
quences, since high yolk A4 concentra-
tions lead to higher fitness, whereas high 
yolk T concentrations are associated with 
lower fitness in wild collared flycatcher 
(Tschirren et al., 2014). In addition, A4 
and T have different affinities for the an-
drogen receptor (T > A4, reviewed in 
Goothuis and Schwabl, 2008). Moreover, 
A4 and T can induce different gene ex-
pression patterns via the androgen recep-
tor pathway (Holterhus et al., 2002). Con-
sequently, yolk A4 and T can be expected 
to have different potencies in affecting 
developmental processes (reviewed in 
Goothuis and Schwabl, 2008). Further 
studies are required to show if selection is 
acting directly on A4 and T, their metabo-
lites (e.g. estradiol), and/or the enzymatic 
pathways that mediate their conversion. 
Age-specific effects 
Yolk androgens of maternal origin not 
only exert effects on early stages of off-
spring life (e.g. Groothuis et al., 2005a; 
Uller et al., 2007; Navara and Mendonça, 
2008), but also could lead to long-term 
effects into adulthood (Ruuskanen et al., 
2012; Ruuskanen et al., 2013) since these 
maternal hormones may have organiza-
tional effects and long-lasting activational 
effects (reviewed in Carere and Baltha-
zart, 2007; Groothuis and Schwabl, 2008). 
Beyond the short- and long-term conse-
quences, several studies have found that 
yolk androgen effects may differ in small-
er time scales, showing for example an 
interaction between androgen treatment 
and age on growth during the nestling 
stage (e.g. Schwabl, 1996a; Pilz et al., 
2004; Müller et al., 2010; Hegyi and 
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Schwabl, 2010). In fact, it has been sug-
gested that although egg components are 
important early in ontogeny, their effects 
quickly dissipate during early develop-
ment, genetic and environmental having 
stronger effect thereafter (Smith and 
Bruun, 1998). This is consistent with 
comparative data by Schwabl and co-
authors (2007) who found that the rela-
tionship between androgen levels and 
growth was stronger for the embryonic 
than for the nestling developmental peri-
od. In addition, other studies have shown 
that yolk androgen effects were stronger 
in the early days of nestling development 
(Schwabl, 1996a; Pilz et al., 2004; Cucco 
et al., 2008), which suggests that andro-
gen sensitivity may be particularly high 
during early stages of development. These 
findings underline the importance of con-
sidering different phases of the juvenile 
period when studying the adaptive value 
of maternal androgens. 
Dose-specific effects 
In experimental studies, a crucial aspect to 
bear in mind is that the dose of androgen 
injections should be scaled to the natural 
variation of yolk androgen concentrations 
for a given species; otherwise the func-
tional consequences of a possible pharma-
cological treatment may become difficult 
to interpret (reviewed in Groothuis et al., 
2005a). Even so, it is often assumed that, 
within the physiological range of yolk 
hormone concentrations of a species, in-
creased dosages cause greater effects. 
However, there is no reason why this ef-
fect should necessarily fit to a linear reac-
tion. Thus, dose–response curves could 
show, for example, a negative quadratic 
shape where intermediate dosages have 
greater effects than either higher or lower 
doses (reviewed in Groothuis and 
Schwabl, 2008). Most studies typically 
use one single dose, and the amount that is 
injected varies widely between studies, 
thus making it difficult to identify general 
patterns. Very few avian studies have ex-
amined whether the immunological con-
sequences of yolk androgens vary depend-
ing on the injected concentration. In con-
trast to low doses of testosterone, high 
doses have inhibitory effects on the 
growth of the bursa of Fabricius in chick 
embryos, (Norton and Wira, 1977); which 
is a central humoral immune organ unique 
to birds that plays important roles in B cell 
development and antibody production 
(Mustonen et al., 2001). In this vein, other 
studies have found that a super-
physiological dose of testosterone resulted 
in detrimental effects on cell-mediated 
immunity in nestlings (Navara et al., 
2005; Cucco et al., 2008). Thereby, a non-
linear dose–response relationship might 
set an upper limit to hormone mediated 
maternal effects while at the same time 
might relax constraints between large 
amounts of a hormone for regulation of 
maternal functions and the resulting high 
exposure of the embryo (reviewed in 
Groothuis and Schwabl, 2008). 
Context-specific effects 
Maternal yolk androgen concentrations 
not only vary systematically across the 
laying sequence within clutches but also 
there is an even larger variation of mater-
nal yolk androgen concentrations between 
clutches (Gil, 2003; Groothuis et al., 
2005a). A high between-clutch variation 
in androgen content of eggs suggests that 
the costs and benefits of yolk androgens 
may depend on environmental context 
(Pilata et al., 2009). In this way, mothers 
may try to adjust the offspring phenotype 
for a given environment after hatching 
(Mousseau and Fox, 1998). This differen-
tial allocation of yolk androgens could be 
modulated by conditions experienced by 
the mother, such as food availability 
(Verboven et al., 2003; Benowitz-
Fredericks et al., 2013), photoperiod 
(Schwabl, 1996b), aggressive interactions 
(Whittingham and Schwabl, 2002), the 
attractiveness of their mates (Gil et al., 
1999, 2004; Uller et al., 2005), parasite 
abundance (Tschirren et al., 2004; Postma 
et al., 2014) or breeding density (Schwabl, 
GENERAL INTRODUCTION 
34 
1997a; Groothuis and Schwabl, 2002; Pilz 
and Smith, 2004). Thus, for example, det-
rimental effects of yolk androgens may 
exceed beneficial effects when food is 
scarce, leading to a negative net effect on 
early growth, or carry the opposite effect 
when food is plentiful, leading to a posi-
tive net effect on early growth (Verboven 
et al., 2003; Smiseth et al., 2011). How-
ever, the context-dependent effect of yolk 
androgens on offspring development and 
physiology has been scarcely explored 
(Verboven et al., 2003; Gasparini et al., 
2007; Benowitz-Fredericks et al., 2013), 
and further works are needed to improve 
our understanding of the effect of envi-
ronmental context in how maternal hor-
mones affect life history trade-offs. 
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OBJECTIVES 
 
 
 
 
The general objective of this thesis is to study how maternally derived androgenic hor-
mones regulate growth, immune function and life-history trade-offs in a wild bird popu-
lation, and thereby set the stage for a complex benefit/costs dynamics of androgen allo-
cation. To address this topic, we will use the spotless starling as a model species. Birds 
provide an excellent model to study yolk androgen effects since embryos develop out-
side the mother’s body in relatively large eggs, facilitating experimental studies that are 
essential to understand the adaptive significance of patterns of variation in yolk andro-
gen. The specific issues articulating this thesis are: 
a. Given the ability to experimentally manipulate androgens levels in spotless star-
ling eggs, it should be possible to tease apart the effects of the different andro-
gens deposited by mothers in the egg yolks on offspring development. Although 
it is clear that maternal effects mediated by yolk androgens may alter offspring 
phenotype, there is a possible confounding effect due to large differences among 
studies in the type of androgens injected. Chapter I examines the differential ef-
fect on nestling developmental traits of two of the main yolk androgens, testos-
terone (T) and androstenedione (A4). For this purpose, eggs of spotless starlings 
were injected with physiological levels of either T, A4, a combination T + A4 or 
vehicle substance (control). 
b. One important issue that has been overlooked in previous research is the likely 
non-linear nature (e.g. thresholds, maxima, etc.) of hormone effects on different 
offspring traits. By experimentally injecting three different androgen doses of 
the naturally occurring mixture of yolk T and A4 (‘low’, ‘intermediate’ and 
‘high’ doses) into spotless starling egg yolks, in Chapter II we explore possible 
complex dose-response effects of maternal androgens on offspring development. 
Maternally derived androgens are generally believed to have a positive influence 
on offspring fitness, but it has been suggested that they could be balanced by 
some costs, mostly immunological. Chapter II focuses on the potential influ-
ence of yolk androgens on nestling growth, while Chapter III explores the 
physiological dose-response consequences on different branches of the immune 
system. This is a key issue since non-linear dose–response effects of yolk andro-
gens may easily shift the balance from benefits to costs. 
c. Differential allocation of resources among clutches may allow females to adjust 
the offspring phenotype to specific requirements of the environment. Such ma-
ternal modulation of yolk androgens as a function of the environmental condi-
tions could be an adaptive strategy to handle the context- and dose-dependent ef-
fect of androgens. Hence, the balance between costs and benefits of androgen al-
location is expected to depend on nestling environment. However, such hypo-
thetical context-dependent effect of yolk androgens on offspring physiology has 
been scarcely explored. Hence Chapter IV examines the yolk androgens trade-
offs between nestling growth and immune function taking into account the dif-
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ferent breeding attempts across the same breeding season, as spotless starling is 
a multibrooded passerine. 
d. Most previous experimental studies on yolk androgens have focused on their ef-
fects on the early stages of life, while there are relatively few experimental 
works on the long-term effects of maternal hormones. These long-lasting effects 
may arise from yolk androgens modifying certain physiological traits of the off-
spring. By monitoring nestlings from Chapter IV in the following three breed-
ing seasons, in Chapter V we determine the long term consequences of the ex-
perimental manipulation of yolk androgens on adult phenotype, survival and 
breeding output. 
 
  
 
 
 
 
 
 
 
The hatching time  
 
The spotless starling breeds in tree holes and artificial cavities, show-
ing high breeding synchrony. Females usually lay five immaculate 
blue-greenish eggs, whose colour can be used as a post-mating signal 
of quality. Egg incubation usually starts before the last egg is laid, and 
lasts for 12 days approximately. 
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This chapter is based upon the manuscript: Muriel, J., Pérez-
Rodríguez, L., Puerta, M. and Gil, D. (2013) Differential effects of 
yolk testosterone and androstenedione in embryo development and 
nestling growth in the spotless starling (Sturnus unicolor). General 
and Comparative Endocrinology, 194, 175-182. 
EFFECTS OF YOLK HORMONES ON EMBRYO AND NESTLING DEVELOPMENT 
 51 
Differential effects of yolk testosterone and androstenedione in 
embryo development and nestling growth in the spotless starling 
(Sturnus unicolor) 
 
 
 
 
Abstract: Yolk androgens in avian eggs play a significant role in embryo and 
nestling development. However, few studies have examined the differential ef-
fect of two of the main yolk androgens, testosterone (T) and androstenedione 
(A4). Here, we injected eggs of spotless starlings with physiological levels of 
either T, A4, the combination T+A4 or vehicle substance (control), to examine 
the differential ability of these steroids to influence nestling development. We 
found that the duration of the embryonic period was increased by T, and less so 
by A4, but not by the combination T+A4. Body condition was reduced in all 
experimental treatments where A4 was present, particularly so in the combina-
tion T+A4. Tarsus length was increased in males by A4, and in a lower degree 
by T, whereas the combination T+A4 inhibited growth. However, these differ-
ences in tarsus length between groups disappeared at the end of the nestling pe-
riod. Cell-mediated immune responsiveness was marginally affected by the in-
teraction between treatment and sex. These patterns suggest that in this species, 
T has a stronger influence during embryo development than A4, whereas during 
nestling development the capacities of both androgens to influence growth are 
similar. The combination T+A4 showed non-additive effects, suggesting either 
some kind of inhibition between the two androgens, or else an excessive effect 
due to a bell-shaped pattern of response. Our results suggest a complex picture 
of sex and age-dependent effects of T and A4, and underline the necessity of 
further research in the metabolism and action of egg androgens. 
 
Keywords: Yolk androgens, nestling development, embryonic developmental 
period, testosterone, androstenedione, Sturnus unicolor. 
 
Introduction 
Since the discovery of testosterone of ma-
ternal origin in the yolk of birds (Schwabl, 
1993), many studies have studied the ef-
fects of these hormones on development, 
growth, behavior and adult phenotypes in 
the eggs of several bird species (Groothuis 
et al., 2005b; Gil, 2008). The initial ex-
citement about the capacity of these hor-
mones to boost growth (Winkler, 1993; 
Gil et al., 1999), has weaned after the 
publication of several studies that have 
shown that the effects are less spectacular 
than previously expected. For instance, 
several experiments have found weak or 
non-existing effects of experimental injec-
tions of androgens (Rubolini et al., 2006; 
Tobler et al., 2007), complex interactions 
with sex (Saino et al., 2006; von 
Engelhardt et al., 2006) or effects that are 
dependent on environmental factors 
(López-Rull and Gil, 2009). Current opin-
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ion recognizes that the mechanisms that 
may mediate this phenomenon are ex-
tremely complex and that we are a long 
way from understanding them (von 
Engelhardt et al., 2009; Muller et al., 
2012). However, numerous studies keep 
on finding exciting possibilities for this 
transfer of maternal hormones than vindi-
cate their role in maternal adjustment to 
ecological demands (Tschirren et al., 
2007; Poisbleau et al., 2012; Schwabl et 
al., 2012).  
Three main androgens are present in 
avian egg yolks: testosterone (T), andros-
tenedione (A4) and 5α-dihydrotestost-
erone (5α‐DHT) (Schwabl, 1993; Hegyi 
and Schwabl, 2010). In the androgen syn-
thesis pathway, A4 is converted to T by 
17b-hydroxysteroid dehydrogenase (17b-
HSD), but also these androgens are poten-
tially converted to estrogens (estrone and 
estradiol), particularly by aromatase 
(CYP19). Additionally, 5α-reductase con-
verts testosterone to 5α‐DHT, an androgen 
which can act only via the androgen re-
ceptor and which cannot be converted to T 
or estrogens (Groothuis and Schwabl, 
2008; Carere and Balthazart, 2007, Sand-
erson 2006). Given that T was the andro-
gen with the highest concentration in ca-
naries, the first species in which it was 
studied, most research that followed used 
this hormone for manipulations and assays 
(e.g. Lipar and Ketterson, 2000). Howev-
er, there are important species-specific 
differences in the abundance of these 
hormones, with contrasting patterns in 
whether T or A4 has the highest concen-
tration. Thus, whereas canaries (Serinus 
canaria) have much higher levels of T 
than A4 (Schwabl, 1993), in the case of 
starlings (Sturnus vulgaris) (Pilz and 
Smith, 2004) or quails (Gil and Faure, 
2007), the situation is reversed. Species-
specific levels of A4 increase with body 
size, and shows particularly high levels in 
the Rallidae and Laridae families (Gil et 
al., 2007). On the other hand, 5α‐DHT 
tends to be present in much smaller 
amounts in most species assayed so far 
(e.g. Schwabl, 1993; Pilz and Smith, 
2004), even being undetectable in some 
species like the common starling (Sturnus 
vulgaris) (Pilz and Smith, 2004). 
Despite these differences, only one 
experimental study to our knowledge has 
compared the differential effects of differ-
ent yolk androgens on nestling phenotype 
(Hegyi and Schwabl, 2010). This study, 
performed in the Japanese quail (Coturnix 
japonica), species in which A4 is the pre-
dominant yolk androgen, showed effects 
of 5α‐DHT or A4 in behavior, but not in 
growth, whereas T was shown to inhibit 
growth, implying that aromatization or 
other metabolic pathways may have inter-
fered in the effects of androgens (Hegyi 
and Schwabl, 2010). In addition to this 
experiment, two comparative analyses 
have investigated the roles of different 
yolk androgens on development (Gil et 
al., 2007; Schwabl et al., 2007). The first 
of these two studies compared the rela-
tionship between species-specific andro-
gen levels (both T and A4) and the dura-
tion of developmental periods in a large 
sample of species. The results showed 
that, across birds, neither androgen was 
related to species-specific differences in 
the overall duration of development. 
However, high levels of A4 (but not T) 
were correlated with relatively long incu-
bation periods, and relatively short nestl-
ing periods (Gil et al., 2007). The second 
study (Schwabl et al., 2007), using a 
smaller sample of passerines, but a more 
precise androgen quantification protocol, 
including chromatographic column sepa-
ration, found strong negative correlations 
between developmental periods and both 
T and 5α‐DHT, as well as a positive rela-
tionship between any of these two andro-
gens and growth rate. This relationship 
was not found for A4, suggesting that in 
passerines, the direct androgenic pathway 
(based in the androgen receptor) was the 
most important mechanism of yolk andro-
gen action (Schwabl et al., 2007). 
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Figure 1. Injecting into the yolk of starling egg is possible thanks to the light from the 
candling device (“huevoscopio”). Picture credit: Lorenzo Pérez-Rodríguez. 
Although it is difficult to reconcile the 
results of these studies, they all point to a 
differential role of the different androgens 
on embryo development.  
In addition, prenatal androgen 
overexposure has been shown to negative-
ly influence nestling immune capacity in 
several studies (Groothuis et al., 2005a; 
Müller et al., 2005; Navara et al., 2005; 
Navara et al., 2006), although some other 
studies have failed to find such an effect 
(e.g. Tschirren et al., 2005). Since nega-
tive effects of androgens in immunity may 
specifically depend on their pathway of 
action (Owen-Ashley et al., 1999), we 
decided to measure immune function. For 
this purpose, we used one of the most 
common and reliable immunological tests, 
cell-mediated immunity as measured by 
the swelling response to phytohaemagglu-
tinin (PHA) (see e.g. Lochmiller and 
Deerenberg, 2000, López-Rull et al., 
2011). 
In this study we explore the effects 
of T and A4, separately and in combina-
tion, on embryo/nestling development in 
the spotless starling (Sturnus unicolor), a 
species whose eggs contain both andro-
gens. In order to increase the power of our 
experimental design, we injected different 
eggs of the same clutch with either con-
trol, one of the two androgens, or the two 
androgens, always within physiological 
levels. We examined the possible effects 
of the treatment on incubation period, 
nestling growth (body mass and size) and 
immunity (cell-mediated immunity). We 
also studied the effects on gape width, 
which is a temporary trait used by nest-
lings to beg to parents that disappears at 
the end of the nestling period (Gil et al., 
2008). Also, based on findings from pre-
vious studies (Saino et al., 2006; Müller et 
al., 2007), we explored interactions of the 
treatment effects with age and sex. 
Material and Methods 
Study area and species 
The experiment was conducted in April 
and May 2009, in central Spain (Soto del 
Real, Madrid), where spotless starlings 
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breed in a nest-box colony monitored 
since 2001. The spotless starling (Sturnus 
unicolor) is a facultatively polygynous 
passerine that breeds in natural and artifi-
cial cavities, and shows sexually dimor-
phic characters (Cramp et al., 1982-1994; 
Moreno et al., 1999). Clutches are typical-
ly laid twice in the season, containing be-
tween 3-6 eggs. Incubation usually starts 
before the last egg is laid, and lasts for 12 
days approximately. Parental care is pro-
vided by both pair members, although 
secondary females (i.e., the second female 
attracted by a bigamous male) often raise 
broods without male contribution (Moreno 
et al., 1999). The nestling period lasts 
about 21-22 days (Cramp et al., 1982-
1994).  
Field procedure and egg injections 
The experiment was carried out in 84 
nest-boxes, but due to predation events, 
we were only able to include data for 55 
nest-boxes in the analysis (198 chicks: 
102 males and 96 females). From the end 
of March onwards, nest-boxes were moni-
tored each day to record laying date and 
laying order. Eggs were marked with a 
nontoxic waterproof marker as they were 
laid. Injections began when the third egg 
was found in the nest. Clutches were ran-
domly assigned to one of the three exper-
imental treatments. Within each clutch, 
eggs were injected with either control or 
experimental injections in alternation, 
following the laying order. Also, the order 
or the injections across the laying se-
quence was inverted for each nest. With 
this balanced schedule we controlled for a 
possible confounding effect of laying se-
quence. Treatments were alternated be-
tween clutches and consisted of either: (1) 
6 ng T (T-86500, Testosterone, Fluka An-
alytical, Sigma-Aldrich Chemie, Stein-
heim, Germany) dissolved in 10 μl sesame 
oil (85067, Sesame Oil, Fluka Analytical, 
Sigma-Aldrich Chemie, Steinheim, Ger-
many) (34 final chicks), (2) 17 ng A4 (A-
9630, Sigma Aldrich Chemie, Steinheim, 
Germany) dissolved in 10 μl sesame oil 
(38 final chicks), (3) 6 ng T + 17 ng A4 
dissolved in 10 μl sesame oil (25 final 
chicks). The control treatment consisted of 
a 10 μl sesame oil injection (78 final 
chicks, higher number than any other 
treatment due to the necessary presence of 
control eggs in each nest). Androgen ex-
perimental modifications were performed 
with the aim of imposing variation levels 
within the physiological natural levels of 
each androgen. The injected doses were 
equivalent to 1 standard deviation of the 
population mean (testosterone: 9.79 
pg/mg yolk [SD = 4.34], androstenedione: 
36.27 pg/mg yolk [SD = 12.35], Gil D., 
unpublished data), adjusted for mean yolk 
mass (average yolk mass 1.4 g).  
Yolk injections were performed in 
the field using a 0.5-ml insulin syringe 
(Terumo Corporation, Tokyo, Japan), fol-
lowing a standard protocol. We calculated 
the mean and standard deviation of injec-
tion volumes by performing mock injec-
tions within 0.2 ml eppendorf tubes and 
measuring the weight with a precision 
balance (A-2005, Sartorius Analytical 
Balance, Goettingen, Germany, accuracy 
= 0.0001 g) in the lab. The volume inject-
ed into the eggs was 10.15 ± 1.05 (mean ± 
SD) μl. For injections, eggs were placed 
with the pointed end facing up in a cus-
tom-made foam egg-candling device, so 
that we could monitor whether the needle 
penetrated the yolk before performing the 
injection (Fig. 1). After some seconds, the 
yolk migrates up into the pointed end, and 
then we cleaned the injection point with a 
95% ethanol swab, allowed it to dry, and 
inserted the needle into the yolk, where 
the substances were slowly injected. Holes 
were sealed with a tiny layer of cy-
anoacrylate glue, allowed to dry, and eggs 
were returned to the nest-box within 15–
20 min. In a pilot study conducted in 
2010, we checked whether the injections 
done with this method were indeed deliv-
ered into the yolk. For this, we injected 
eggs with sesame oil stained with neutral 
red, froze the eggs and dissected them to 
locate the red spot. In all cases (N = 10), 
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Figure 2. Nestling growth stages in which biometric measurements were taken. Picture 
credit: Jaime Muriel. 
the oil-vehicle was found within the yolk. 
Nestling growth 
Each chick was assigned to the egg it 
hatched from by daily nest monitoring 
around hatching time. In order to ensure 
the correct identification and labelling of 
chicks (by differential down cuttings), 
broods were frequently visited from the 
tenth days after the last egg was laid. 
Nestlings hatching from manipulated eggs 
were measured on days 4, 7, 10, and 14 
post-hatching (Fig. 2). All measurements 
were performed by the same individual 
(JM), blind with respect to treatment. We 
also recorded hatching success and com-
puted incubation time by counting the 
number of days between hatching date and 
the day after the last egg in a clutch was 
laid. This procedure does not take into 
account incubation time before the com-
pletion of the clutch, but this variable was 
controlled by taking laying order into ac-
count in the analysis. 
Morphological measurements were 
taken on each of these ages and included 
body mass (Ohaus Scout II SC2020 bal-
ance, China, accuracy = 0.1 g), gape width 
(recorded as the maximum width compris-
ing the beak flanges) and tarsus length 
(digital calliper: MITUTOYO, Japan, ac-
curacy = 0.01 mm). At day 1, only body 
weight and gape width were recorded. An 
index of body condition was estimated 
using the residuals from a regression of 
body mass on a linear measure of body 
size (tarsus length) (Schulte-Hostedde et 
al., 2005). 
Cell-Mediated Immunity and Sex Deter-
mination 
We used the phytohaemagglutinin skin 
test to measure nestling immune function 
(Smits et al., 1999). This test has been 
found useful in linking immunity to the 
evolution of life-history strategies (Møller 
et al., 2001) and post-fledging recruitment 
(López-Rull et al., 2011) in a variety of 
bird species. On the 14th day of age, nest-
lings were injected subcutaneously with 
0.05 ml of a 5 mg/ml solution of phyto-
haemagglutinin (L-8754, Sigma Aldrich 
Chemie, Steinheim, Germany) in a previ-
ously plucked and marked area of the 
wing web. We measured the thickness of 
the nestlings’ wing web at the marked site 
immediately prior to injection and 24 ± 
1.3 h after injection with a thickness 
gauge (Mitutoyo Co., Tokyo, Japan) to the 
nearest 0.01 mm. The swelling response 
was estimated by subtracting the pre-
injection measurement from the 24-hour 
measurement. All measurements were 
done by the same individual (LPR), blind 
with respect to treatment. After measuring 
the PHA-response, we took a blood sam-
ple of each nestling for molecular sexing 
by brachial vein puncture. Blood samples 
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were preserved in 96% ethanol in small 
cryogenic vials and frozen at -20°C. Later 
on, total DNA was extracted from samples 
using ammonium acetate techniques 
(Bensch and Åkesson, 2003), and diluted 
to a working DNA concentration of 25 
ng/μl. This solution was used in a poly-
merase chain reaction (using the primers 
P2 and P8) to amplify a part of the CHD-
W gene in females and the CHD-Z gene in 
both sexes (see Griffiths et al., 1998). 
Amplified products were visualized in 
1.5% agarose gels stained with SYBR safe 
(Invitrogen, Carlsbad, CA). 
Statistical Analysis 
Descriptive and bivariate analyses were 
performed using chi-square test with the 
software STATISTICA v7.0 (StatSoft 
Inc., Tulsa, OK, 214 USA) using a signif-
icance level of 0.05. The rest of statistical 
analyses were conducted with SAS 9.2 
(SAS Institute Inc., Cary, NC, USA). In-
cubation period, wing swelling and size 
and growth measures were analysed using 
mixed models followed by planned com-
parison post-hoc tests (Proc Mixed, nor-
mal distribution). All morphometric vari-
ables and body condition were analyzed 
separately using mixed models for repeat-
ed measures (Proc Mixed, normal distri-
bution). Experimental treatment, sex and 
age were fixed factors (predictor varia-
bles). Nest was defined as random effect. 
Information criteria (AICC values) were 
used to select a simple covariance struc-
ture (Burnham and Anderson 2002) for 
repeated measures analysis. Initial models 
controlled for egg volume, laying order, 
brood size, body size (except when this 
was the dependent variable), treatment 
and sex. All biologically meaningful dou-
ble and triple interactions were also in-
cluded. In particular, since we expected 
treatment effect to change along age and 
differ between sexes, the interaction 
treatment*sex*age was included in all 
models. Values represented are means ± 
SE. We present final models in the text, 
and initial rejected models can be found in 
the supplementary data (Table S1). To 
inspect differences between androgen 
treatments on body condition, tarsus 
length and gape width, we performed 
post-hoc pairwise comparisons from the 
final models (Table S2). 
Results 
Hatching success did not differ between 
eggs from the four different treatments (χ2 
= 0.93, P = 0.82). However, the injection 
itself led to a statistically non-significant 
reduction in hatching success with respect 
to non-injected eggs: chicks hatched from 
control-injected eggs had 75.38% hatch-
ing success, whereas those hatched from 
non-injected eggs had a 91.32% success 
(χ2 = 1.52, P = 0.22). Nestling mortality 
did not differ between the four treatments 
(χ2 = 2.18, P = 0 .53). 
Embryonic development period (EDP) 
was significantly affected by treatment 
(F3,127 = 2.67, P = 0.05; Fig. 3), after con-
trolling for laying order (F1,120 = 105.47, P 
< 0.001) and sex (F1,121 = 0.12, P = 0.72). 
Post-hoc contrasts indicated that nestlings 
hatching from the T treatment showed 
longer embryonic development periods 
than nestlings hatching from control 
(F3,128 = 2.48, P = 0.014) or from the 
T+A4 treatment (F3,132 = 2.31, P = 0.022). 
The effect of A4 treatment on EDP was 
intermediate between control and testos-
terone (although not statistically different 
from either of them), and the combination 
T+A4 was undistinguishable from the 
control treatment (Fig. 3). Hatchling body 
condition was mainly affected by egg vol-
ume (F1,104 = 83.84, P < 0.0001, estimate 
(SE) = 0.0009 ± 0.00009), laying order 
(F1,181 = 8.69, P = 0.0036, estimate (SE) = 
-0.112 ± 0.03805), incubation period 
(F1,91.7= 8.13, P = 0.005, estimate (SE) = 
0.250 ± 0.08793) and nest laying date 
(F1,51.7 = 25.09, P < 0.0001, estimate (SE) 
= 0.182 ± 0.03649); thus hatchlings in 
better condition were produced from large 
eggs, from eggs laid in early laying posi-
tions and dates, and from clutches that  
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Figure 3. Differences in embryonic development period (EDP), shown as residuals 
from the model, according to treatment. Different letters above bars indicate significant 
(P < 0.05) differences between treatment groups based on post hoc average compari-
sons. 
Figure 4. Differences in nestling body condition, shown as residuals from statistical 
models, according to treatment. Different letters above bars indicate significant (P < 
0.05) differences between treatment groups based on post hoc average comparisons. 
were incubated for longer. However, 
hatchling condition was not affected by 
experimental treatment (F3,151 = 0.89, P = 
0.445). 
During nestling development, treat-
ment significantly affected body condition 
similarly for both sexes (Table 1). Inspec-
tion of the residuals from the model (Fig. 
4) suggests that during most of their de-
velopment, nestlings which had received 
any treatment where A4 was present, were 
in a lower condition than controls, and this  
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Table 1. Summary of final repeated-measures mixed models showing the effect of yolk 
androgen treatment on nestling biometry, taking into account age, sex, laying order, egg 
volume and brood size. Models were run using Proc Mixed (SAS) with Satterthwaite 
correction to adjust the degrees of freedom. 
Trait  Independent variable df F P 
Body condition Androgen treatment 3,240 3.81 0.0107 
 Laying order 1,228 35.17 < 0.0001 
 Egg volume 1,148 6.51 0.0117 
 Brood size 1,66.9 4.36 0.0406 
Tarsus length Androgen treatment 3,226  1.62  0.1849 
 Age 3,533  11264.8 < 0.0001 
 Androgen treatment × Age 9,533  1.96  0.0415  
 Sex 1,218  9.88  0.0019 
 Sex × Age 3,533   3.09  0.0267 
 Laying order 1,214  12.91  0.0004 
 Egg volume 1,174  8.78  0.0035  
 Nest laying date 1,50.4 5.04 0.0292 
Gape width Androgen treatment 3,206 0.04 0.989 
 Age 3,531 1068.08 < 0.0001 
 Androgen treatment × Age 9,528 2.65 0.0051 
 Sex 1,209 22.71 < 0.0001 
 Tarsus length 1,768   12.97  0.0003 
 Brood size 1,74.1  3.00  0.0876 
 
effect was stronger in the group which 
received the combination T+A4 (F1,150 = 
6.32, P = 0.013; post-hoc comparisons in 
Table S2). As shown in Fig. 4, T nestlings 
had a superior condition compared to 
those in both A4 and T+A4 groups (F1,34.3 
= 4.7, P = 0.037 and F1,30.5 = 5.85, P = 
0.021, respectively; Table S2), although 
no differences were found with control 
nestlings.  
Body size, as measured by tarsus length, 
showed interactions between treatment 
and age and between sex and age (Table 
1; Fig. 5). We divided the data set to ex-
plore this effect further and found a lack 
of effect of age*treatment in females (re-
peated-measures ANOVA: F9,246 = 1.04, 
P = 0.406), but a significant effect in 
males (repeated-measures ANOVA: F9,257 
= 2.47, P = 0.0102). An examination of 
the residuals (Fig. 5a) shows that during 
the first half of the nestling period, male 
nestlings tended to grow longer tarsus 
than controls when they have received an 
A4 egg injection (F3,164 = 2.40, P = 0.069; 
Table S2), whereas the combination T+A4 
affected tarsus length negatively (Fig. 5a) 
in relation to the other experimental 
groups (Table S2). During the second part 
of the nestling period, differences evened 
up between all groups.  
Gape width was larger for males 
than females and also showed a treat-
ment*age effect (Table 1, Fig. 6). Post-
hoc pairwise comparisons showed that the 
main difference driving this effect is due 
to the T+A4 group (Table S2) presenting 
narrower gapes early on development in 
comparison with other groups (Fig. 6), but 
showing wider gapes than any other group 
at the end of the nestling period.  
Nestling body condition and tarsus 
length were positively related with egg 
volume, and negatively with laying order 
(Table 1). Moreover, chicks that shared 
their nests with a higher number of sib-
lings showed poorer body condition and 
smaller gapes width than chicks raised in 
smaller brood sizes.  
Mass gain- between ages 4 and 10 
after hatching (at the time when growth 
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Figure 5. Differences in nestling tarsus length for males (a) and females (b) shown as 
residuals from statistical models, according to treatment and age (white bars: control, 
grey bars: testosterone, black bars: androstenedione and striped bars: testosterone + an-
drostenedione). 
rate is highest), was much higher for 
males than for females (F1,175 = 21.76, P < 
0.0001), but treatment did not have a sig-
nificant effect in either sex (F3,168 = 0.52, 
P = 0.668). Chicks hatching from eggs 
that experiencing longer embryonic de-
velopment period had a lower mass gain, 
irrespectively of treatment (F1,153 = 25.29; 
P < 0.0001; estimate (SE) = -0.016 ± 
0.00330). Chicks who shared the nest with 
a higher number of siblings also had a 
higher mass gain (F1,56.2 = 4.54; P = 
0.037; estimate (SE) = 0.005 ±0.00237). A 
marginally significant sex*treatment in-
teraction was observed for cell-mediated 
immune response (F3,162 = 2.40, P = 
0.069), in which control males showed 
better immune capacity than control fe-
males. Females hatching from eggs treated 
with androgens produced greater inflam-
matory responses, but just the opposite 
trend was observed in males. Nestlings’ 
swelling response was principally influ-
enced by offspring body condition at 14 
days, the age when the test was performed 
(F1,181 = 9.69, P = 0.002, estimate (SE) = 
0.016 ± 0.00538). 
Discussion 
We tested the differential effect of physio-
logical in-ovo injections of two different 
androgens (T and A4) and their combina-
tion in embryo and nestling growth in a 
species in which these two androgens are 
present, with A4 in a much larger concen-
tration than T (ratio 3:1; see Methods).
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Figure 6. Differences in nestling gape width for males (a) and females (b) shown as 
residuals from statistical models, according to treatment and age (white bars: control, 
grey bars: testosterone, black bars: androstenedione and striped bars: testosterone + an-
drostenedione). 
We found different effects in embryonic 
and nestling development of the two an-
drogens, suggesting that androgen effects 
are specific to the particular stage when 
they are measured and to specific andro-
genic pathway which they are subject to 
(Groothuis et al., 2005b; Navara et al., 
2005; Rubolini et al., 2006; von Engel-
hardt et al., 2009). 
In the case of embryonic growth, we 
found that the duration of the embryonic 
period (EDP) was increased in T-injected 
eggs with respect to controls, whereas the 
combination of T+A4 showed no differ-
ence with respect to controls, and A4 was 
intermediate. A similar increase in the 
EDP of T-injected eggs has been found in 
other studies conducted with zebra finches 
(Taeniopygia guttata) and American kes-
trels (Falco sparverius) (Sockman and 
Schwabl, 2000; Boncoraglio et al., 2011). 
However, an opposite effect, with shorter 
incubation times for androgen-injected 
eggs was found for the black-headed gull 
(Larus ridibundus) (Eising et al., 2001), 
whereas in the case of the Japanese quail 
Coturnix japonica (Hegyi and Schwabl, 
2010) no effects were found. Differences 
between species may be due to differential 
androgen metabolism by the embryo, but 
also to different methodologies used in 
each study (doses, androgen combination, 
etc.). The fact that A4 was intermediate 
between control and T could be explained 
not only by the lower androgenic capacity 
of A4 (Sonneveld et al., 2006), but also by 
the fact that A4 is a prohormone that ren-
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ders T depending on the intracellular pres-
ence of 17beta-hydroxysteroid dehydro-
genases (17beta-HSD) (Labrie et al., 
2000; Adamski and Jakob, 2001). So an 
increase of A4 levels in the developing 
embryo may lead to an enhancement of T 
synthesis in those cellular types with 
17beta-HSD activity (Bruggeman et al., 
2002). However, it is not straightforward 
to understand why the T+A4 combination 
did not lead to an increase in EDP compa-
rable or larger than that found with T, 
since both androgens, although differing 
in androgenic capacity, are not expected 
to inhibit each other. One possibility is 
that if the effect of the two androgens is 
additive, the summation of the two may 
have led to a large androgenic effect in the 
form of a bell-shaped response, as found 
in other androgen-mediated systems (Lee 
et al., 1995). Another possibility is that 
the resultant enhanced T levels after T+A4 
administration could activate the oxidizing 
form of 17beta-HSD thus reducing T 
available for critical processes on embryo 
development. Different forms of 17beta-
HSD differ in tissue distribution, catalytic 
preferences, substrate specificity, subcel-
lular localization, and mechanisms of reg-
ulation (Luu-The, 2001) and are present in 
chick embryo as soon as in the second day 
of incubation (Bruggeman et al., 2002). 
Additionally, a possible pathway is that of 
aromatase (CYP19) and 5α-reductase in 
the conversion of T/A4 to estrogens and T 
to 5α‐DHT respectively. Unfortunately, 
the mechanisms of regulation of CYP19 
and other steroidogenic enzymes in birds, 
particularly in the embryo and nestling 
phase, are still poorly known (Sanderson, 
2006). Although it is essential for chick 
development (Rantakari et al., 2010), its 
organ- and time-pattern of activity has not 
been precisely determined yet. Slower 
embryonic development can produce 
higher quality offspring under the physio-
logical trade-off hypothesis (Ricklefs, 
1992; Martin and Schwabl, 2008). Thus, it 
is unclear what a longer EDP may mean in 
terms of development, since we did not 
find differences between experimental 
groups in hatchling body condition (Eis-
ing and Groothuis, 2003). The possibility 
that the immune system has benefited 
from extra development time (Ricklefs, 
1992) could not be ruled out completely 
because marginally sex differences were 
found between experimental groups in 
immune response. Females from andro-
gen-injected eggs benefited from an in-
crease in androgen concentration, while 
the males may suffer a slight immunosup-
pressive effect (for additional examples of 
sex-dependent effects on immunity see: 
Groothuis et al., 2005a; Navara et al., 
2006). However, it could be argued that 
early developmental differences in im-
munity may not be detected by this test, 
which was performed at 14 days of age. 
In the case of nestling body condi-
tion we found no effect of T treatment, but 
there was a general reduction of body 
condition in all experimental treatments 
where A4 was present, particularly so in 
the T+A4 combination. In contrast to what 
found in EDP, the combination T+A4 
showed a pattern of summation of effects, 
leading to a larger decrease in body condi-
tion. In agreement with these data, gape 
width followed the completely opposite 
pattern, as expected by previous data 
which has shown that this trait does not 
shrink with age in nestlings in bad condi-
tion (Gil et al., 2008). Thus, it makes 
sense that the group that showed worse 
body condition through development 
T+A4 also kept wider gapes during that 
time, since an increased gape could attract 
more feedings from parents and thus com-
pensate the difference in growth (Wiebe 
and Slagsvold, 2009). In a similar study, 
spotless starling chicks whose eggs had 
been injected with T+A4 injections were 
found to develop higher body mass gain 
and wider gapes than control-chicks (Mül-
ler et al., 2007). However, other experi-
mental study which added T+A4 to the 
yolk had very little effect on nestling de-
velopment (Pitala et al., 2009). The high 
variation in androgen effects between 
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studies suggests that the costs and benefits 
of these hormones may depend on envi-
ronmental contexts.  
Androgens led to an increase in 
skeletal growth in the first half of devel-
opment, but only in males, with A4 show-
ing a larger effect than T. Similarly, off-
spring from eggs with relatively higher A4 
concentrations within a clutch were rela-
tively large after hatching in the Japanese 
quail (Hegyi et al., 2011). The combina-
tion T+A4 showed a strong reduction in 
growth (Pitala et al., 2009), also limited to 
that early period, since differences disap-
peared at the end of nestling period. Sex-
specific effects in growth have been pre-
viously reported for yolk androgens, alt-
hough the sex that is favored depends on 
the species: females in zebra finches and 
American kestrels (von Engelhardt et al., 
2006; Sockman et al., 2008), and males in 
swallows Hirundo rustica (Saino et al., 
2006). Our study shows time-dependent 
growth differences, but not definite 
growth differences in developmental end-
points, suggesting that sexual mediators of 
androgen action may affect within-nest 
competition patterns (Müller and Groothu-
is, 2013).  
We found a stronger effect of T in 
the embryo period than in the nestling 
period, whereas A4 followed the opposite 
trend. A similar pattern was found in a 
comparative analysis (Schwabl et al., 
2007), in which species-specific differ-
ences in T were more strongly correlated 
with embryo than with nestling develop-
mental periods. These differences may be 
due to several factors, most importantly 
the differential presence of metabolizing 
enzymes in embryo and the chick (Brug-
geman et al., 2002). To date, no study has 
examined in detail the differences of the 
metabolizing pathways of androgens in 
these two systems, although data suggest 
extensive metabolization of maternal an-
drogens from day 1 of incubation (Fiviz-
zani et al., 1986; von Engelhardt et al., 
2009). The most comprehensive study so 
far (von Engelhardt et al., 2009) has de-
tected a far ranging modification of origi-
nal androgens to conjugated and unconju-
gated steroids, half way through embryo 
development. Further work is required to 
specifically identify which metabolites are 
produces, and whether these products are 
active or not. 
Leaving aside the specific effects 
that androgen metabolites may have by 
non-genomic means (Foradori et al. 
2008), androgen receptors (AR) exist in 
the embryo from very early on (day 7 in 
the zebra finch) (Godsave et al., 2002), 
and thus there is scope for a direct andro-
genic effect of maternal steroids. Evidence 
to this comes from a study in which eggs 
treated with the AR blocker Flutamide 
failed to show an anabolic effect of yolk 
androgen detected in control eggs (Lipar 
and Ketterson, 2000). Furthermore, em-
bryos exposed to high levels of steroids 
during early development may also pre-
sent altered hormone synthesis pathways 
during subsequent development (Badyaev, 
2002). 
In principle, the androgenic effect of 
A4 is much lower than that of T, because 
of different affinities for the AR (Sonne-
veld et al., 2006). However, a whole se-
ries of metabolizing pathways have been 
inferred during embryo development by 
means of thin-layer chromatography (von 
Engelhardt et al., 2009), suggesting the 
action of numerous enzymes that can 
dramatically alter the androgenic capacity 
of yolk androgens. These enzymes can 
either transform androgens into androgen 
metabolites, more or less active, and also 
conjugate them with proteins that may 
increase transport and availability (Payne 
and Hales, 2004; von Engelhardt et al., 
2009). For instance, as discussed above, 
the conversion of A4 or T into 5α‐DHT 
depends on 17beta-HSD or 5α-reductase, 
respectively, but its availability may differ 
between species or across different tissues 
or developmental stages (Payne and 
Hales, 2004). Embryo and nestling devel-
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opment rates could also be directly in-
duced by 5α‐DHT (Schwabl et al., 2007), 
so its manipulation would have been use-
ful to understand completely the mecha-
nisms of androgen action. However, since 
Pilz and Smith (2004) did not find detect-
able levels of 5α‐DHT in the European 
starling, we did not consider this hormone 
in our experimental setup in the closely 
related spotless starling. Additionally, this 
would have led to a high number of dif-
ferent combinations, unfeasible in a field 
study.  
Strong positive effects of large egg 
size (Smith and Bruun, 1998) and early 
laying order (Clotfelter et al., 2000) were 
found throughout development. We were 
surprised to see that differences in egg 
size could be detected even at the end of 
the developmental period, suggesting that 
this maternal effect may provide an im-
portant survival boost in this species 
(Cordero et al., 2001; Christians, 2002). In 
the case of laying order, since we allowed 
natural incubation to take place, we could 
not distinguish between the effect of early 
incubation that typically leads to hatching 
asynchrony (Ellis et al., 2001), and differ-
ences in egg composition that may covary 
with laying order (Boncoraglio et al., 
2011; Müller and Groothuis, 2013).  
In summary, our results suggest a 
complex picture of sex and age-dependent 
effects of T and A4 administration, and 
underline the necessity of further research 
in the metabolism and action of egg an-
drogens. 
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Supplementary Table S1. Initial models of androgen treatment effects in nestling de-
velopment (summary statistics of final models in Table 1). 
Trait  Independent variable df F P 
Body condition Androgen treatment 3,240  3.81  0.0107 
 Age  3,523  0.02  0.9973 
 Androgen treatment × Age 9,515  0.90  0.5231 
 Sex 1,248  0.95  0.3304 
 Androgen treatment × Sex 3,241  0.31  0.8158 
 Sex × Age  3,511  0.00  0.9995 
 Androgen treatment × Age × Sex 9,504  0.62  0.7815 
 Nest laying date 1,49.9  0.15  0.7022 
 Incubation period 1,166  1.29  0.2569 
 Laying order 1,228  35.17  <.0001 
 Egg volume 1,148  6.51  0.0117 
 Brood size 1,66.9  4.36  0.0406 
 Tarsus length - - - 
Tarsus length Androgen treatment 3,226  1.62  0.1849 
 Age 3,533  11264.8 <.0001 
 Androgen treatment × Age 9,533  1.96  0.0415 
 Sex 1,218  9.88  0.0019 
 Androgen treatment × Sex 3,218  1.30  0.2747 
 Sex × Age 3,533  3.09  0.0267 
 Androgen treatment × Age × Sex 9,524  1.40  0.1827 
 Nest laying date 1,50.4  5.04  0.0292 
 Incubation period 1,190  0.03  0.8686 
 Laying order 1,214  12.91  0.0004 
 Egg volume 1,174   8.78 0.0035 
 Brood size 1,84.9  0.11  0.7394 
 Tarsus length - - - 
Gape width Androgen treatment 3,204  0.04  0.9884 
 Age 3,529  1078.38  <.0001 
 Androgen treatment × Age 9,525  2.71  0.0043 
 Sex 1,200  24.62  <.0001 
 Androgen treatment × Sex 3,196  0.43  0.7289 
 Sex × Age 3,524  2.27  0.0795 
 Androgen treatment × Age × Sex 9,513  0.70  0.7053 
 Nest laying date 1,51.3  0.32  0.5744 
 Incubation period  1,225  0.35  0.5542 
 Laying order 1,223  1.40  0.2379 
 Egg volume  1,151  2.87  0.0924 
 Brood size 1,74.3  2.98  0.0886 
 Tarsus length 1,763  11.83  0.0006 
EFFECTS OF YOLK HORMONES ON EMBRYO AND NESTLING DEVELOPMENT 
 69 
Supplementary Table S2. Post-hoc pairwise comparisons of androgen treatment ef-
fects in nestling development (summary statistics of final models in Table 1). 
Trait  Diff. between groups Fixed Factor df F P 
Body condition T x A4  Androgen treatment 1,34.3 4.7 0.037 
 T x T+A4  Androgen treatment 1,30.5 5.85 0.021 
 T x Control  Androgen treatment 1,162 0.34 0.560 
 A4 x T+A4  Androgen treatment 1,28.6 0.17 0.686 
 A4 x Control  Androgen treatment 1,157 3.61 0.059 
 T+A4 x Control  Androgen treatment 1,150 6.32 0.013 
Tarsus length T x A4  Age × Androgen treatment 3,90.3 0.13 0.941 
 T x T+A4  Age × Androgen treatment 3,78.7 3.67 0.015 
 T x Control  Age × Androgen treatment 3,149 1.95 0.123 
 A4 x T+A4  Age × Androgen treatment 3,92.3 4.70 0.004 
 A4 x Control  Age × Androgen treatment 3,164 2.40 0.069 
 T+A4 x Control  Age × Androgen treatment 3,155 1.90 0.131 
Gape width T x A4  Age × Androgen treatment 3,209 1.72 0.163 
 T x T+A4  Age × Androgen treatment 3,171 6.38 0.0004 
 T x Control  Age × Androgen treatment 3,329 1.39 0.245 
 A4 x T+A4  Age × Androgen treatment 3,180 3.60 0.014 
 A4 x Control  
T+A4 x Control  
Age × Androgen 
treatment 3,338 1.11 0.346 
 Age × Androgen treatment 3,301 3.24 0.022 
 
  
  
  
 
 
 
 
 
 
 
 
 
The androgen injection 
 
Mothers may adjust the development and the phenotype of their off-
spring to environmental conditions by an adaptive allocation of re-
sources into the egg, such as nutrients, antioxidants, immunoglobulins, 
albumen lysozymes, and hormones. The avian egg is an excellent 
model to study maternal effects since their embryos develop outside 
the mother’s body in eggs, and researchers can easily manipulate egg 
components by experimental injections. 
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This chapter is based upon the manuscript: Muriel, J., Pérez-
Rodríguez, L., Puerta, M., Gil, D. (2015) Diverse dose-response ef-
fects of yolk androgens on embryo de-velopment and nestling growth 
in a wild passerine. The Journal of Experimental Biology, 218, 2241-
2249. 
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Diverse dose-response effects of yolk androgens on embryo 
development and nestling growth in a wild passerine
 
 
 
 
Abstract: Avian egg yolks contain various amounts of maternally derived an-
drogens that can modify offspring phenotype and adjust their development to 
posthatching environment. Seemingly adaptive variation in yolk androgen lev-
els with respect to breeding density conditions or male attractiveness has been 
found in numerous studies. One important consideration that has been over-
looked in previous research is the likely non-linear nature of hormone effects. 
To examine possible complex dose-response effects of maternal androgens on 
chick development, we experimentally administered three different androgen 
doses of the naturally-occurring mixture of yolk testosterone and androstenedi-
one to spotless starling eggs (Sturnus unicolor). We found that yolk androgens 
show a non-linear dose-response pattern for several traits. Thus, androgens had 
a stimulatory effect on hatching body mass and nestling skeletal growth, but 
maximum values were found at intermediate doses, whereas our highest dose 
resulted in a decrease. However, the opposite U-shaped effect was found on 
nestling body mass. We also detected linear negative and positive effects on 
embryonic development period and nestling gape width, respectively. Our re-
sults suggest differential tissue responsiveness to yolk androgens, which may 
result in compromises in maternal allocation to produce adapted phenotypes. 
Due to the non-linear dose-response pattern, future investigations should care-
fully consider a wide range of concentrations, since the balance of costs and 
benefits may strongly differ depending on concentration. 
 
Keywords: Yolk androgens, testosterone, androstenedione, maternal effects, 
Sturnus unicolor, dose-response. 
 
Introduction 
Females can influence the phenotype of 
their offspring through genes and somatic 
investments. Mousseau and Fox (1998) 
define maternal effects as epigenetic mod-
ifications of offspring phenotype caused 
by the environment provided by the moth-
er during development. These mecha-
nisms of phenotypic plasticity can cause 
evolutionary changes in some traits be-
cause they affect the expression of traits 
under selective pressures from heteroge-
neous environmental conditions (Mouss-
eau and Fox, 1998; Price, 1998; Räsänen 
and Kruuk, 2007; Wolf and Wade, 2009). 
Avian models are ideal prototypes 
for studying maternal effects in an evolu-
tionary framework, since their embryos 
develop outside the mother’s body in in-
dependent structures such as eggs. Egg 
production represents a substantial mater-
nal investment for birds with a strong in-
fluence in offspring development and sur-
vival (Williams, 1994; Christians, 2002). 
Hormone concentrations in the yolk are 
considered a clear case of maternal effects 
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(Gil, 2008) since they are transferred to 
the yolks of oviparous vertebrates (Wil-
liams et al., 2004) and may adjust off-
spring phenotype to environmental pres-
sures (Adkins-Regan et al., 1995; 
Mousseau and Fox, 1998; Groothuis and 
Schwabl 2008). For example, studies 
across a variety of passerine species have 
confirmed links between egg-yolk andro-
gen levels and growth, maternal parasite 
exposure, breeding densities, the timing of 
breeding or food abundance (reviewed in 
Gil, 2003, 2008; Tschirren et al., 2009). 
Avian yolks contain three different andro-
gens: androstenedione (A4), testosterone 
(T) and 5α-dihydrotestosterone (DHT) 
(Schwabl, 1993). All these androgens 
share a common synthesis pathway, in 
which A4 can be directly converted into 
estradiol (E2) or T. T, in turn, can be di-
rectly converted into E2 or DHT 
(Groothuis et al., 2005). The concentra-
tions of these three androgens vary greatly 
both within and among species (Groothuis 
et al., 2005, Schwabl et al., 2007; Gil et 
al., 2007) and their effects on several off-
spring traits can be detected at different 
stages of offspring development 
(Mousseau and Fox, 1998; Griffith and 
Buchanan, 2010).  
Since the seminal paper of Schwabl 
(1993) showing systematic intra-clutch 
variation of testosterone levels in avian 
eggs, the field of hormone-mediated ma-
ternal effects in birds has developed rapid-
ly, focusing on the effects of yolk testos-
terone on postnatal growth and behaviour 
within an adaptive framework. The differ-
ential deposition of yolk hormones may 
not only modulate the level of within-
brood competition, but also prepare off-
spring for certain environmental condi-
tions (Schwabl, 1997). Variations in yolk 
androgen levels may result in a wide array 
of effects on offspring traits. Thus, an 
increase in yolk androgen levels may 
cause faster embryonic development (Eis-
ing et al., 2001; Eising and Groothuis, 
2003; but see Sockman and Schwabl, 
2000; Muriel et al., 2013), greater devel-
opment of the hatching muscle (Lipar and 
Ketterson, 2000; Lipar, 2001), higher ag-
gressiveness (Müller et al., 2009; Müller 
et al., 2012), intensified begging behav-
iour (Schwabl, 1996; Eising and Groothu-
is, 2003), enhanced nestling growth (Eis-
ing et al., 2001; Pilz et al., 2004; but see 
Sockman and Schwabl, 2000; Muriel et 
al., 2013) and higher metabolic rates (To-
bler et al., 2007), as well as higher plasma 
testosterone levels in nestlings (Müller et 
al., 2007). Although most studies report a 
significant effect of the focal steroid hor-
mone on early growth or survival (Smi-
seth et al., 2011), this effect often carries 
along negative consequences on offspring 
fitness (Uller et al., 2005), such as de-
creased immune responsiveness (Groothu-
is et al., 2005; Sheldon and Verhulst, 
1996; Duffy et al., 2000; Demas, 2004; 
Müller et al., 2005; Navara et al., 2005) 
and increased oxidative stress resulting 
probably from faster growth (Alonso-
Alvarez et al., 2007). Also, sex differ-
ences in the effects of maternal androgens 
have been reported on offspring growth or 
survival (Smiseth et al., 2011), suggesting 
that androgens may have different costs 
and benefits for males and females (von 
Engelhardt et al., 2006; Saino et al., 2006; 
Müller et al., 2008; Müller et al., 2010; 
Ruuskanen and Laaksonen, 2010). Alt-
hough it is clear that maternal effects me-
diated by yolk androgens may alter off-
spring phenotype (see above), there is a 
likely confounding effect due to large dif-
ferences between studies in the dose and 
type of androgens injected (Gil, 2008; 
Groothuis et al., 2005). Furthermore, sev-
eral androgens appear together in yolks, 
but it has been shown that the effects of 
testosterone (T) and androstenedione (A4) 
are neither equivalent nor additive (Muriel 
et al., 2013; Hegyi and Schwabl, 2010; 
Tschirren et al., 2014). Non-linear, dose-
response effects of steroids may shift the 
balance from benefits to costs (Navara et 
al., 2005). Non-linear responses are com-
mon known in the steroid literature. For 
example, Norton and Wira (1977) showed 
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that in ovo injections of a low T dose 
stimulated growth of the bursa of Fab-
ricius, while a high dose had the opposite 
effect. In humans, research shows that 
different androgen-dependent processes 
have different testosterone dose-response 
relationships (Bhasin et al. 2001). Thus, 
dose-response studies manipulating the 
specific pool of hormones present in the 
yolk are essential to fully understand the 
effects of these molecules on offspring 
phenotype.  
Here we explore the dose-dependent 
response to maternal yolk hormones and 
how several offspring traits are affected 
by them, by experimentally injecting three 
different doses of T + A4 in the egg yolks 
of spotless starling (Sturnus unicolor). We 
choose this combination of hormones 
since both appear together in the yolk 
(Schwabl, 1993), and are positively corre-
lated among them (Groothuis and 
Schwabl, 2002; Gil et al., 2004; Ruus-
kanen et al., 2009). Androgen doses were 
calculated considering the population 
mean±SD of both hormones, and were 
defined as “low” (2 SD), “intermediate” 
(4 SD) and “high” (8 SD) doses. Control 
eggs received injections of the vehicle 
only. Since hormone effects can strongly 
depend on environmental conditions (re-
viewed in Smiseth et al., 2011), we per-
formed our experiment in a single breed-
ing season. In order to increase the power 
of our experimental design, we injected 
different eggs of the same clutch with 
either control or one of the three androgen 
doses. We studied the effects of our treat-
ments on the length of the embryonic de-
velopment period (EDP), hatching suc-
cess, nestling survival and growth (tarsus 
length, body mass, body condition and 
gape width). We also studied gape width, 
which is a temporary trait used by nest-
lings during begging displays to parents 
(Müller et al., 2007; Kilner, 2006). On the 
basis of previous studies (Müller et al., 
2007; Saino et al., 2006), we explored 
how these effects varied between sexes 
and throughout the nestling period. We 
hypothesized that an elevation of yolk 
androgen levels should improve offspring 
development and growth, although we 
take into account the possibility of finding 
inverted U-shaped effects due to non-
linear dose-dependent responses (Groot-
huis and Schwabl, 2008). 
Material and Methods 
Study area and species 
The experiment was conducted in central 
Spain (Soto del Real, Madrid, ca. 
40º45’N, 3º48’W, 920-940 m above sea 
level), in a large nest-box colony of spot-
less starlings (Sturnus unicolor). The yolk 
hormone manipulations were conducted in 
April and May 2010 and nestlings were 
monitored until June. The study area is a 
dehesa ecosystem used by cattle toward 
mid-May, and covered by a deciduous 
woodland of oak (Quercus pyrenaica) and 
ash (Fraxinus angustifolius). The spotless 
starling is a relatively long lived, colonial 
and sedentary passerine species that ex-
hibits a facultative polygynous breeding 
system (Moreno et al., 1999; Veiga, 
2002). Females can lay up to two clutches 
per season; the first is started in early 
April and the second about the end of May 
in our study area. Incubation usually starts 
before the last egg is laid (3-6 eggs per 
clutch), and it is done mainly by females 
(lasts for 12 days approximately). Alt-
hough parental care is provided by both 
pair members (Moreno et al., 1999), fe-
males invest more than males in rearing 
the brood (Jimeno et al., 2014). The nestl-
ing period lasts about 21-22 days (Cramp, 
1998).  
Egg Injections 
From the end of March onward, nest-
boxes were inspected each day to deter-
mine laying date and laying order. Eggs 
were marked with a nontoxic waterproof 
marker as they were laid. To minimize 
nest disturbance, injections began when 
the third egg was found in the nest, before 
embryonic development was triggered by 
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the start of parental incubation. All fol-
lowing eggs were injected as they were 
laid. Clutches were randomly assigned to 
one of the three androgen doses, and eggs 
within each clutch received either control 
or experimental injections in alternation, 
following the laying order. Also, the order 
of the injections across the laying se-
quence was inverted for each nest. With 
this balanced schedule we controlled for a 
possible confounding effect of laying se-
quence (for instance, naturally deposited T 
increases with laying order, while A4 de-
creases (López-Rull and Gil, 2009). 
Treatments were alternated between 
clutches and consisted of either: (1) Low 
dose: 12 ng T (ref. 86500, Sigma-Aldrich, 
Steinheim, Germany) + 34 ng A4 (ref. 
A9630, Sigma Aldrich, Steinheim, Ger-
many), (2) Intermediate dose: 24 ng T + 
68 ng A4, (3) High dose: 48 ng T + 136 
ng A4. In all cases, the mixture of hor-
mones was dissolved in 10 μl of sesame 
oil (ref. 85067, Sigma-Aldrich, Steinheim, 
Germany), which is generally used as a 
solvent (Love et al., 2005) since steroid 
hormones are cholesterol derivatives and 
lipid-soluble. Within each clutch, all con-
trol eggs received 10 μl of sesame oil 
alone. The low, intermediate and high 
doses were equivalent to, respectively, 2, 
4 and 8 standard deviations of the popula-
tion mean (testosterone: 14 ng/yolk [SD = 
6.0], androstenedione: 50 ng/yolk [SD = 
17.1], Gil D., unpublished data), adjusted 
for mean yolk mass (average yolk mass 
1.4 g). The maximum levels of yolk-T and 
yolk-A4 that we have measured in this 
population are 36.3 and 198.4 ng per yolk, 
respectively (Müller et al. 2007). The high 
dose injections that we have used (8SD) 
are slightly above and below, respectively, 
the maximum levels of T and A4 found in 
our population. Note, however, that previ-
ous studies indicate that injections in ovo 
might not mimic at all the natural distribu-
tion of hormones in the yolk, leading to 
variable exposure of the developing em-
bryo depending on the position of the 
blastodisc (Von Engelhardt et al., 2009). 
Therefore, injected doses must consider 
the potential degradation or incomplete 
incorporation of the androgens into the 
yolk (Navara et al., 2005), as not all the 
hormone injected is finally assimilated by 
the developing embryo. Furthermore, the 
choice of dose was based on a literature 
comparison (Table 3) which revealed a 
huge range of variation in previous exper-
iments. A previous study in this species 
(Muriel et al., 2013) in which 1 SD of the 
mean of the combination T + A4 was in-
jected showed a slight growth inhibition, 
whereas many previous studies have used 
values that amount to much higher hor-
mone dosages. We opted for levels that 
would cover, to some extent, the range of 
injections of previous studies.  
In ovo injections were performed in 
the field using a standard U-50 insulin 
syringe (Terumo Corporation, Tokyo, 
Japan), following a standard protocol de-
scribed elsewhere (Muriel et al., 2013). 
The accuracy of injections and the diffu-
sion of the oil in the egg yolks were as-
sessed in a pilot study (For more details, 
see the Supplementary Material, Appen-
dix S1).  
The experiment was carried out in 
88 nests from the first clutch, but 41 of 
them could not be included in the analysis 
because of predation or sabotage by other 
females, or the impossibility of assigning 
hatchlings to their experimental group 
(see below). From the remaining success-
ful nests, we included in the analysis data 
from 153 chicks (75 males and 78 fe-
males). This rate of nest failure is not unu-
sual in this population (see for instance 
Müller et al., 2007). 
Nestling Growth 
Broods were visited several times a day 
from the 10th day after the last egg was 
laid to check hatching time and ensure the
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Figure 7. Detail of the large yellow gape flanges of a spotless starling nestling at day 6 
post-hatching. Picture credit: Lorenzo Pérez-Rodríguez. 
correct assignment and labelling of chicks 
originated from the different experimental 
groups (chicks were labelled by distinct 
down cuttings). We also recorded hatch-
ing success and computed incubation time 
or embryonic development period (EDP), 
as the number of days between the day the 
last egg in a clutch was laid and hatching 
date of a given egg. This procedure does 
not take into account incubation time be-
fore the completion of the clutch, but this 
variable was controlled by taking laying 
order into account in the analysis. Three 
days after the nest hatching date, we 
opened un-hatched eggs in order to check 
the phase at which the chick had stopped 
its development. We set up two categories 
based on the development stages estab-
lished by Hamburger and Hamilton 
(1951): early (stages 0-28) and late (stages 
29-38).  
Nestlings were measured on days 3, 
6, 10, and 14 post-hatching. At these ages, 
we recorded body mass with a digital bal-
ance (Ohaus Scout II SC2020, China, ac-
curacy = 0.1 g), gape width (recorded as 
the maximum width comprising the beak 
flanges, Fig. 7) and tarsus length with 
digital callipers (Mitutoyo Absolute, Ja-
pan, accuracy = 0.01 mm). An index of 
body condition was estimated using the 
residuals from a regression of body mass 
on tarsus length (Schulte-Hostedde et al., 
2005). At the same time of yolk manipula-
tion, measurements of egg length and 
width were taken with the mentioned digi-
tal callipers and egg volume (mm3) was 
calculated by the formula: 0.45 x length x 
width2 (Worth, 1940). At day 1, we rec-
orded body weight and categorized hatch-
ling stage by their level of wetness (1: just 
hatched, down still moist and stuck to the 
skin; 2: 1-2 hours after hatching, down 
almost dry but still not fully erected; and 
3: >2 hours after hatching, down totally 
dry and erected; Fig. 8). All measurements 
were performed by the same individual 
(JM) and blindly to individual treatment 
whenever possible. At 15 days of age, a 
blood sample was extracted from all birds 
for molecular sexing (see the Supplemen-
tary Material, Appendix S1). No add- 
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Figure 8. Scale used for the wetness level of hatchlings which is related to the time 
elapsed since hatching (1: just hatched, down still moist and stuck to the skin; 2: 1–2 h 
after hatching, down almost dry but still not fully erect; and 3: >2 h after hatching, 
down totally dry and erect). Picture credit: Jaime Muriel. 
itional biometric measures were taken 
from 14 onwards because of the high risk 
of premature fledging that would result 
from handling nestlings at that age. 
Given that egg injections typically 
lead to a certain level of hatching failure 
(Pilz et al., 2004 (35%); Müller et al., 
2007 (30%); Pitala et al., 2009 (32.85%), 
the number of siblings was reduced in 
some nests in our study. This might result 
in unusually low levels of sibling competi-
tion in some of the experimental nests, 
which could affect the traits considered 
(Muriel et al., 2013). Thus, in order to 
reach the modal brood size in our popula-
tion (mean ± SD = 4.72 ± 0.57 nestlings 
per brood), we performed post-hatch 
brood amalgamation of broods in which 
only one to three chicks had hatched (37 
out of 152 chicks were moved from their 
original nests). This procedure involved 
broods of the same age and androgen 
treatment and was performed when they 
were 3 days old. In all cases, broods were 
matched by average nestling size and the 
larger brood acted as host nest. In those 
cases where broods to be pooled presented 
the same number of nestlings, the host 
nest was chosen at random. 
Statistical Analysis 
Hatching success and nestling mortality 
were analysed using the chi-square test 
with the software STATISTICA v7.0 
(StatSoft Inc., Tulsa, OK, 214 USA) 
adopting a significance level of 0.05. The 
rest of statistical analyses were conducted 
with SAS 9.2 (SAS Institute Inc., Cary, 
NC, USA). In all cases the treatment was 
considered as a continuous variable be-
cause dose increased in a linear way (0, 2, 
4 and 8 SD of the mean natural values), 
and we had a priori expectations of quad-
ratic effects. Incubation period and hatch-
ing body mass (controlled by the level of 
wetness) were analysed using mixed mod-
els. All morphometric variables and body 
condition were analyzed separately using 
mixed models for repeated measures 
(SAS, Proc Mixed, normal distribution), 
with Satterthwaite correction to adjust the 
degrees of freedom. To control for non-
independence of individuals from the 
same nest, which share strong genetic an 
early maternal effects over traits studied, 
the nest of origin was defined as a random 
effect affecting the model intercept. Using 
nest of adoption, instead of nest of origin, 
as random effect yielded the same results, 
but the given that nest of origin explained 
much more variance; we finally kept this 
factor for all the mixed models presented 
here. Also, nestlings that remained in their 
original nests and translocate nestlings did 
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not differ in any of the studied traits (all P 
> 0.292). The identity of the individual 
was entered as a repeated factor in the 
models. The following variables were 
included in the main model: treatment, 
treatment2, sex, age, egg volume, laying 
order, laying date, EDP, brood size, body 
size (except when this was the dependent 
variable), and all possible interactions. 
Sex (male: 1, female: 2) and age (3, 6, 10, 
14 days) were considered as categorical 
variables. Input variables (raw parameters 
measured) were standardized to a mean of 
0 and a SD of 0.5 before model analysis 
(reviewed in Grueber et al., 2011). Non-
significant (P > 0.05) terms were sequen-
tially removed from the initial models, 
starting with interactions, following a 
backward stepwise procedure, until only 
the significant explanatory variables or 
interactions were retained in the models. 
When a significant interaction occurred, 
main effects of each factor involved in the 
interaction were also kept in the final 
model. Exceptionally, brood size and 
treatment2 (as explanatory variables of 
tarsus length and body condition respec-
tively, Table 2), when these showed mar-
ginal significance levels (0.05 < P < 0.06) 
were retained in the final models to ex-
plore these trends. We included EDP as a 
covariate in these analyses because it may 
affect nestling development in addition to 
androgen effects per se. All biologically 
meaningful double and triple interactions 
were also included. In particular, since we 
expected the treatment effect to change 
along age and differ between sexes, the 
interaction treatment*sex*age was includ-
ed in all initial models. Values represented 
are means ± SE. We present final models 
in the text, and initial rejected models can 
be found in the Supplementary Material 
(Table S4). 
Results 
Embryonic development and hatching 
success 
In agreement with previous studies, the 
overall hatching success was around 67% 
(details in Supplementary Material, Table 
S3). Control eggs had a significantly low-
er hatching success than non-injected eggs 
from a random sample of nests in the 
same colony (χ2= 8.64, d.f. = 1, P = 
0.003), but was not influenced by treat-
ment (χ2 = 1.58, d.f. = 3, P = 0.662), sug-
gesting that the levels of T+A4 that we 
used did not have a negative effect on 
embryo survival. Chick mortality during 
the nestling period did not differ between 
treatments (χ2 = 0.471, d.f. = 3, P = 
0.925).  
Embryonic development period (EDP) 
was evaluated considering only recently 
hatched nestlings, those for which hatch-
ing hour could be precisely recorded. EDP 
was significantly affected by treatment 
(F1,31.2 = 9.65, P = 0.004, estimate ± SE = 
-0.057 ± 0.0186; Fig. 9), after controlling 
for laying order (F1,27.8 = 9.84, P = 0.004, 
estimate ± SE = 0.121 ± 0.0387), without 
a significant effect of hatchling sex (F1,30.3 
= 0.01, P = 0.92). EDP linearly decreased 
with increasing androgen levels in egg 
yolks, so that time to hatch was shorter for 
those nestlings that had been treated with 
the highest dose (Fig. 9). We analysed in 
unhatched eggs whether there were differ-
ences in the phase in which chicks had 
stopped their develop ment, but did not 
find significant differences between 
treatments in early (χ2 = 0.69, d.f. = 3, P = 
0.873) or late stages of development (χ2 = 
1.89, d.f. = 3, P = 0.594).  
Hatchling body mass was affected 
by experimental treatment with a negative 
quadratic effect (F1,143 = 13.68, P = 
0.0003, estimate ± SE = -0.0231 ± 0.0061) 
after controlling by hatchling wetness 
level (F2,136 = 52.53, P < 0.0001, esti-
mates ± SE = (1) 5.59 ± 0.078, (2) 6.01 ± 
0.073 and (3) 6.66 ± 0.077). This inverted 
U-shape effect of androgen treatment re-
mains when potential outliers (i.e. points 
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Figure 9. Linear negative effects of yolk androgen doses on embryonic development 
period (EDP). Data plotted are residuals from the final model excluding treatment. 
Similarly, regression lines were generated by the graphics program from those data, and 
are only for illustration purposes. For the real estimates of the final models, please refer 
to Results. 
 
Figure 10. Inverted U-shaped effect of yolk androgen dose on hatchling body mass. 
Data plotted are residuals from the final model excluding treatment. Regression lines 
were generated by the graphics program from those data, and are only for illustration 
purposes. This quadratic effect remains when potential outliers (i.e. points deviating >2 
s.d. from the mean of each treatment) are removed from the analysis. For the real esti-
mates of the final models, please refer to Results 
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Table 2. Summary of final repeated-measures mixed models showing the effect of yolk 
androgen treatment on tarsus length, body mass, body condition and gape width of nest-
lings, taking into account age, sex, laying date, egg volume, laying order, EDP and 
brood size. Models were run using Proc Mixed with Satterthwaite correction to adjust 
the degrees of freedom. Treat and Treat2 show the effects of the linear and quadratic 
terms of hormone treatment, respectively. Age was measured in days. 
 Tarsus length Body mass Body condition Gape width 
Independent  
variable d.f. F P d.f. F P d.f. F P d.f. F P 
Age 3/538 3257.40 <0.001 3/539 1662.52 <0.001 ─ ─ ─ 3/548 924.72 <0.001 
Sex 1/575 10.99 0.0010 1/577 15.74 <0.001 ─ ─ ─ 1/596 9.98 0.0017 
Sex × Age 3/538 5.68 <0.001 3/539 7.46 <0.001 ─ ─ ─ ─ ─ ─ 
Treat × Age 3/538 2.30 0.0761 3/539 2.08 0.1020 ─ ─ ─ ─ ─ ─ 
Treat2 1/585 0.69 0.4061 1/584 0.73 0.3946 1/565 3.76 0.0530 ─ ─ ─ 
Treat2 × Age 3/538 4.94 0.0022 3/539 4.17 0.0062 ─ ─ ─ ─ ─ ─ 
Treat 1/560 0.88 0.3496 1/566 0.02 0.8987 1/589 0.34 0.5623 1/591 10.83 0.0011 
Clutch laying 
 date 1/130 26.65 <0.001 ─ ─ ─ 1/89.6 13.96 0.0003 1/88.4 15.55 <0.001 
Egg volume 1/261 5.41 0.0208 1/233 9.26 0.0026 1/140 9.77 0.0022 ─ ─ ─ 
Laying order 1/571 95.01 <0.001 1/574 90.77 <.0001 1/600 18.40 <0.001 ─ ─ ─ 
EDP 1/422 20.84 <0.001 1/418 13.11 <0.001 ─ ─ ─ 1/250 3.97 0.0474 
Brood size 1/582 3.65 0.0566 1/583 10.87 0.0010 ─ ─ ─ 1/590 9.86 0.0018 
Tarsus length ─ ─ ─ ─ ─ ─ ─ ─ ─ 1/588 71.74 <0.001 
 
deviating more than 2 SD from the mean 
of each group) are removed from the 
analysis (F1,119 = 8.20, P = 0.0049, esti-
mate ± SE = -0.0168 ± 0. 0.0058). Thus, 
we found higher weights when the andro-
gen dose was increased, but only from the 
control to the intermediate concentrations, 
since the highest dose reduced weights to 
the level of controls (Fig. 10). Also, hatch-
ling mass was positively affected by egg 
volume (F1,78.5 = 92.74, P < 0.0001, esti-
mate ± SE = 0.0009 ± 0.0001) and clutch 
laying date (F1,72.3 = 9.05, P = 0.0036, 
estimate ± SE = 0.0132 ± 0.0044), but did 
not vary between sexes (F1,131 = 0.52, P = 
0.471). 
Nestling Growth 
Regarding skeletal growth, we detected a 
negative quadratic (inverted U-shaped) 
effect of androgen levels in the interaction 
with age on tarsus length (Table 4), the 
effect of the treatment being more intense 
in the early days of development (Table 
S5; Fig. 11A). This effect was independ-
ent of sex (Table S4). Although through-
out all ages, males showed longer tarsi 
than females (repeated-measures ANO-
VA: F1,575 = 10.99, P = 0.0010), both had 
the same response to treatment. Nestlings 
hatching from eggs treated with androgens 
showed tarsus lengths progressively long-
er when the T+A4 concentration was in-
creased, reaching a maximum at interme-
diate doses but not increasing when the 
concentration was even higher. Tarsus 
length was also positively affected by egg 
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Figure 11. Effect of yolk androgen dose on growth parameters during the nestling peri-
od. (A) Tarsus length, (B) body mass, (C) body condition and (D) gape width. Data 
plotted are residuals from the final model excluding treatment and age. Similarly, re-
gression splines were generated by the graphics program from those data, and are only 
for illustration purposes. For the real estimates of the final models, please refer to sup-
plementary material Table S5. T, testosterone; A4, androstenedione. 
volume and nest laying date, but negative-
ly by laying order, incubation period and 
brood size (Table S5): thus nestlings with 
larger tarsi hatched from larger eggs, oc-
cupied earlier positions in the laying se-
quence, belonged to clutches that had 
been laid later in the season and incubated 
for a shorter time, and had been raised 
with a lower number of siblings.  
Body mass showed a significant 
positive effect of treatment in interaction 
with age (Table 2), but the interaction 
between treatment and sex was not signif-
icant (Table S4). Inspecting the residuals 
from the model (Fig. 11B), we found that 
the pattern conformed with a threshold 
effect, strongly contrasting with that ob-
served on tarsus length: heavier chicks 
were those who hatched from eggs receiv-
ing the highest dose, with virtually no 
effect of the lower doses of hormone (Fig 
11B) and this effect was particularly 
strong during the early nestling period. 
We also found a positive effect of egg 
size, and negative effects of laying order, 
EDP and brood size (Table S5). Nestling 
body condition (residuals from the regres-
sion of body mass on tarsus length) 
showed a marginally significant quadratic 
effect of androgen doses (Table 2), and 
did not differ between males and females 
or ages (Table S4). If we examine the re-
siduals from the model (Fig. 11C), we 
find a similar trend to that observed in 
nestling body mass, although no interac-
tion with age was found here. We also 
found a positive effect of egg size, and 
  
Table 3. Overview of experimental studies in which yolk levels of androgens in avian eggs were experimentally increased through injections. 
We have expressed injection doses as percentage of the mean rather than the standard deviation because it was impossible to find the latter statis-
tics for most studies. However, the comparison is still relevant in showing the very large range of dosages that different studies have used. 
 
Species Androgen Vol. μl ng/yolk T ng T Inject. % T Injec. ng/yolk A4 ng A4 Inject. % A4 Injec.    Effects References 
Falco sparverius  T + A4  50  44.85  100  223.0  1513.68  4000  264.3  [+EDP/-G/+M], [-G] [1], [2]  
Ficedula albicollis  T + A4  4  14.2  14.4  101.4  60.3  50.8  84.2   [G*], [M*] [3], [4] 
Hirundo rustica  T + A4  4  1.15  1  87.0  4.12  3.5  85.0    [G*] [5] 
Larus ridibundus  T + A4  50  111.26  90  80.9  6162.36  7500  121.7    [+G] [6] 
Larus ridibundus  T + A4  50  111.26  120  107.9  6162.36  10000  162.3  [-EDP/+G], [-EDP/+BI], [-I] [6] , [7], [8] 
Rissa tridactila  T + A4  50  423.13  153  36.2  5684.8  2695  47.4    [+A/+D] [9] 
Sturnus unicolor  T + A4  10  10.29  6  58.3  38.13  17  44.6 [G*/+GW/+AP], [-BC/G*/GW*] [10] , [11] 
Sturnus vulgaris  T + A4  10  0.96  1  104.2  43.6  50  114.7    [-EDP] [12] 
Sturnus unicolor  A4  10  ─  ─  ─  38.13  17  44.6   [-BC/G*] [11] 
Coturnix japonica  A4  20  ─  ─  ─  372.32  200  53.7    [ +RB] [13]  
Coturnix japonica  T   20  103.83  50  48.2  ─  ─  ─    [- G] [13]  
Agelaius phoeniceus  T  5  36.93  110  297.9  ─  ─  ─    [+CM] [14] 
Coturnix chinensis  T  5  289  300  103.8  ─  ─  ─   [I*], [-TS/-ES] [15], [16] 
Faisianus cochicus  T  20  73.4  40  54.5  ─  ─  ─    [DR*] [17] 
Parus major  T  5  8.87  30  338.2  ─  ─  ─   [+DD], [+G] [18], [19] 
Passer domesticus  T  5  47.85  200  418.0  ─  ─  ─   [SO*/+FC] [20], [21] 
Perdix perdix  T  20  20.85  20000  95923.3  ─  ─  ─    [-G/-I] [22] 
Perdix perdix  T  20  20.85  200  959.2  ─  ─  ─    No effect [22] 
Perdix perdix  T  20  20.85  20  95.9  ─  ─  ─    [+G/+I] [22] 
Serinus canaria  T  5  56.55  100  176.8  ─  ─  ─  [+G/BI], [G*/SD*/RS*] [23], [24] 
Serinus canaria  T  5  56.55  50  88.4  ─  ─  ─   [G*/+A], [G*] [25], [26] 
Sialia sialis  T  5  121.45  3000  2470.2  ─  ─  ─   [-HS/+BC/-I] [27] 
Sialia sialis  T  5  121.45  300  247.0  ─  ─  ─    [-HS/+G] [27] 
Sturnus vulgaris  T  5  10  100  1000.0  ─  ─  ─   [G*/BI*/-M] [28] 
Sturnus unicolor  T   10  10.29  6  58.3  ─  ─  ─    [+EDP] [11] 
Taeniopygia guttata  T  5  1.125  0.5  44.4  ─  ─  ─  [+EDP/BI*/G*/-M], [+RMR]  [29], [30, 31] 
Troglodytes aedon  T  5  1.225  2  163.3  ─  ─  ─    [+BI/+FS] [32] 
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negative effects of clutch laying date and 
laying order (Table S5). 
Gape width was positively and line-
arly affected by androgen dose (Table S5), 
nestlings showing wider gapes as andro-
gen dose increased (Fig. 11D). This effect 
was independent of sex and age (Table 
S4), although males showed wider gapes 
than females (Table S5). Although there 
was not significant interaction between 
treatment and age, the largest differences 
in gape width between control and 8 SD 
nestlings were detected on day 3. There 
was also a negative effect of clutch laying 
date on gape width and a positive effect of 
incubation period and brood size (Table 
S5). In absolute terms, males had wider 
gapes than females (Table S5), after con-
trolling for body size as measured by tar-
sus length (F1,588 = 71.74, P < 0.001, es-
timate ± SE = 0.258 ± 0.030). 
Discussion 
Despite many experimental studies on 
maternal effects mediated by yolk andro-
gens in birds, the large variability in the 
dose and type of androgens injected 
makes it difficult to perform comparisons 
between studies (see Table 3), which are 
essential to understand certain inconsistent 
patterns in the literature (Gil, 2008; 
Groothuis et al., 2005; Groothuis and 
Schwabl, 2008). Since complex dose – 
response patterns may shift the balance 
from benefits to costs (Navara et al., 2005, 
Bhasin et al., 2001), we experimentally 
tested in a single breeding season the dif-
ferential effect of physiological in-ovo 
injections of three different androgen dos-
es of the naturally-occurring mixture of 
yolk T and A4 on offspring development. 
We found that in wild spotless starlings, 
yolk androgens showed different dose-
response patterns depending on the ob-
served trait (for a similar situation in men 
and testosterone see Bhasin et al., 2001). 
For some traits we found non-linear dose-
response patterns with both negative 
quadratic effects (on hatching body mass 
and nestling skeletal growth) and positive 
quadratic or threshold effects (on nestling 
body mass). In addition, yolk androgen 
exerted a linear effect for other traits (i.e. 
embryonic development period and nestl-
ing gape width). Our results suggest dif-
ferential tissue responsiveness to yolk 
androgens, which may select for compro-
mises in maternal allocation to produce 
adapted phenotypes (Gil, 2008).  
In contrast to a similar study in 
which different testosterone doses were 
injected (Navara et al., 2005), we found 
no differential embryo or nestling mortali-
ty among groups due to increases in an-
drogen levels (Pitala et al., 2009; Müller 
et al., 2010). Based on previous studies 
(Eising et al., 2001; Eising and Groothuis, 
2003; Schwabl et al., 2007; Müller and 
Eens, 2009), we predicted a negative ef-
fect of yolk androgens (T + A4) on the 
duration of the EDP. Our results confirm 
this prediction, showing a consistent linear 
reduction of EDP with increasing yolk 
androgen levels, at least within the range 
that we studied. Such an effect could be 
particularly relevant in situations of strong 
competition in broods composed by off-
spring of variable size (Smith and Bruun, 
1998; Pilz and Smith, 2004; Hadfield et 
al., 2013). The difference in EDP that we 
found could be a consequence of the ef-
fect of yolk androgens in the development 
of the musculus complexus (hatching 
muscle), as has been showed in a previous 
study (Lipar and Ketterson, 2000, but see 
Lipar, 2001), which may reduce the com-
petitive disadvantage of last-hatched 
chicks. So, our results support the hypoth-
esis that yolk androgens may function as a 
compensatory mechanism for delayed 
hatching (Gil, 2008; Schwabl, 1993; Mül-
ler et al., 2005) and thus play a role during 
the earliest life stages (Groothuis et al., 
2005). In a previous study in the spotless 
starling (Muriel et al., 2013), no differ-
ences were observed on embryonic devel-
opmental period from eggs injected with T 
+ A4, but in that case the injected dose 
was smaller (only 1 SD of the population 
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mean). In contrast, an opposite effect (i.e. 
longer EDPs for androgen-injected eggs) 
was found in two different studies per-
formed in American kestrels (Falco spar-
verius) and zebra finches (Taeniopygia 
guttata) (T + A4: Sockman and Schwabl, 
2000; T: Boncoraglio et al., 2011). This 
suggests strong species-specific differ-
ences in the effects of yolk androgens. In 
addition, this discrepancy of effects might 
be due to dose-response patterns, which 
likely differ between species.  
One of the most remarkable results 
of this study is the inverted U-shaped ef-
fect of treatment on hatching body mass. 
Many studies have found effects of andro-
gens on body condition or growth in 
chicks hatching from androgen-injected 
eggs during post-embryonic development 
(Groothuis et al., 2005; Eising et al., 
2001; Sockman and Schwabl, 2000; Pilz 
et al., 2004; Navara et al., 2005; Cucco et 
al., 2008), but our study is the first to ex-
plore quadratic effects right from the 
hatching stage. Studies that have meas-
ured body mass at hatching (Eising et al., 
2001; Eising and Groothuis, 2003; 
Schwabl, 1996; Pilz et al., 2004) or in 
early post-embryonic development (Nava-
ra et al., 2005) found no effects of andro-
gens on this trait (but see Schwabl, 1996). 
The inverted U-shaped effect that we 
found may result from two different ef-
fects (benefits and costs) balancing out in 
a dose-response manner, with intermedi-
ate dosages having greater positive net 
effects than either lower or higher doses 
(Groothuis and Schwabl, 2008). In birds, 
prenatal exposure to androgens can have 
positive effects on growth (Eising et al., 
2001; Schwabl, 1996; Pilz et al., 2004; 
Cucco et al., 2008; Pitala et al., 2009; 
Bentz et al., 2013), probably mediated by 
an increase in metabolic rate (Tobler et 
al., 2007; Nilsson et al., 2011). However, 
too high androgen levels might involve 
higher costs associated to fuelled metabo-
lism, like excessive energy expenditure or 
increased susceptibility to oxidative dam-
age as a consequence of free radical pro-
duction (Alonso-Alvarez et al., 2007), and 
this could ultimately result in a loss of 
body mass at hatching. Furthermore, the 
effects of elevated yolk androgens on 
growth may be dependent on egg quality, 
relating to a likely prenatal context-
dependency (Williams, 1994; Vergauwen 
et al., 2011). For a better understanding of 
the effects of maternal yolk steroids, we 
need a broader and more specific 
knowledge of the mechanisms of andro-
gen actions in the embryo. Previous stud-
ies have found suggestions for a number 
of phenomena that need to be considered, 
including differences in yolk steroid me-
tabolism (e.g. via the estrogen receptor 
pathway after its aromatization to estro-
gens (Hegyi and Schwabl, 2010), altera-
tions in hormone secretion, saturation of 
steroid receptors, androgen sensitivity of 
the embryo and, more generally, gene 
expression (Gil, 2008). 
Regarding skeletal growth, we 
found an inverted U-shaped effect of 
treatment on tarsus length, as well as an 
age-dependent effect of yolk androgens on 
growth. Several previous studies have 
found a positive effect of androgens on 
the chick’s growth (reviewed in Gil, 2008; 
Groothuis et al., 2005; Groothuis and 
Schwabl, 2008; Bentz et al., 2013), but 
only a few have showed an interaction 
between treatment and age (e.g. Schwabl, 
1996; Pilz et al., 2004; Müller et al., 2010; 
Hegyi and Schwabl, 2010). As discussed 
in the case of hatching body mass, yolk 
androgens had a stimulatory effect on 
growth, where an intermediate dose (4 
SD) leads to the maximum tarsus length. 
In this case, skeletal growth of treated 
chicks could be benefited either by a pos-
sible increase in competitive ability or 
begging levels for obtaining food or simp-
ly because of the benefits of early hatch-
ing (see above). However, as happened on 
hatching body mass, excessively high 
doses of androgens may involve costs 
(Cucco et al., 2008) that may cause a de-
cline or a plateau on growth. This effect 
was detectable throughout nestling 
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growth, but had a heavier effect in the 
early days of development, as found in 
previous studies (Schwabl, 1996; Pilz et 
al., 2004; Cucco et al., 2008). Our finding 
is consistent with a similar trend described 
by Navara and co-authors (2005) who, at 
2 day posthatch, found that moderate lev-
els yolk T, but not the high dose, tended to 
have a stimulatory effect on skeletal size 
of the resulting offspring in the eastern 
bluebird (Sialia sialis). Our finding that 
chicks grew faster than controls particu-
larly at the beginning of the nestling peri-
od, together with our finding of effects in 
embryo development suggest that andro-
gen sensitivity may be particularly high 
during early development (Pilz et al., 
2004; Cucco et al., 2008). This could be 
mediated through an increase in bone 
growth factors (Kasperk et al., 1990), or 
simply because higher number of andro-
gen receptors in bones and cartilages 
(Corvol et al., 1992). Perhaps for this rea-
son, an increase in size would not neces-
sarily be linked to a gain in nestling body 
condition (see below). Similarly, it has 
been suggested that although egg compo-
nents are important early in ontogeny, 
their effects quickly dissipate and genetic 
and other environmental influences have a 
stronger role after this (Smith and Bruun, 
1998). These findings are consistent with 
comparative data by Schwabl and co-
authors (2007) who found that the rela-
tionship between androgens levels and 
growth was stronger for the embryonic 
than for the nestling developmental peri-
od.  
Contrary to hatching body mass and 
nestling tarsus length, we found a totally 
different pattern for body mass, where low 
doses of the hormone exerted virtually no 
effect on body mass, but high-dose chicks 
resulted in much higher nestling weights 
than controls. Such a non-linear pattern 
can be interpreted as a threshold effect of 
yolk androgens in mass. These results are 
consistent with those of Schwabl (1996), 
who found that high-yolk androgen levels 
resulted in heavier and better condition 
offspring (but see Cucco et al., 2008). 
Low- and intermediate-doses may derive a 
weight advantage from fast hatching, but 
this difference may not be enough to off-
set the costs and increase mass according-
ly. This pattern may be explained if body 
mass and skeletal growth trade-off against 
each other: if we compare the shape of the 
dose-response effects of treatment on tar-
sus length and body weight we see that at 
low and intermediate doses, androgens 
enhanced skeletal growth at the expense 
of parallel increase in body mass. Thus, 
we may speculate that only above a cer-
tain threshold of high androgen levels, the 
benefits of the hormones (shortest EDP, 
enhanced competitive ability) would off-
set the potential costs associated to accel-
erated growth mentioned before. In this 
line, the fact that gape width increased 
linearly with androgen dose (particularly 
in the early stages of post-hatching devel-
opment, discussed below) would support 
this hypothesis since wider gapes may 
attract a greater number of feedings (Gil et 
al., 2008), allowing the chick to fulfil the 
energetic requirements of accelerated 
growth. Taking into account the differen-
tial effect of androgens on body size and 
weight, we can understand why an in-
crease in growth was not mirrored by an 
improved body condition. According to 
our results, androgens would be generat-
ing larger but relatively lighter chicks, 
leading to a reduced body condition. Simi-
larly, in a previous study (Muriel et al., 
2013) we found a reduction in body con-
dition of T + A4 nestling group (1 SD). 
Nevertheless, in the present study, hatch-
lings from 8 SD injected eggs were those 
with best condition, since these chicks had 
higher values of tarsus length and body 
mass.  
As mentioned, our study shows a 
positive, linear effect of yolk androgens 
on gape width, which is in agreement with 
a previous study in the same species (Mül-
ler et al., 2007). Although the interaction 
between treatment and age was not signif-
icant, there appears to be a trend towards a 
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higher effect of treatments at earlier stages 
of the nestling period (Fig. 11D). During 
this initial period of nestling development, 
chick survival strongly depends on attract-
ing parental feedings (Gil et al., 2008; 
O’Connor, 1978; Wiebe and Slagsvold, 
2012), so it makes sense that gape growth 
should be particularly labile during this 
time. As expected from a trait directly 
involved in sibling competition for paren-
tal feedings (Gil et al., 2008), we also 
found that nestlings from larger broods, 
where sibling competition is more intense, 
developed wider gapes. These results sup-
port previous evidence showing that birds 
can use adaptive developmental plasticity 
responses derived from maternal andro-
gens (Gil, 2008; Groothuis et al., 2005). 
In summary, we have documented 
that yolk androgens show complex dose-
response effects during early develop-
ment, including both linear and non-linear 
responses for different traits (Rubolini et 
al., 2006). Thus, our results highlight the 
importance of considering dose-dependent 
effects when studying the effects of yolk 
androgens in the future. For some traits, 
yolk androgen effects were mostly detect-
ed at earlier phases of the nestling period, 
whereas for others the effect was stronger 
in later stages, thus illustrating the varia-
bility in responsiveness to the hormone 
across traits. Also, we show for the first 
time that although androgens accelerate 
embryonic development, this does not 
necessarily leads to a weight disadvantage 
at hatching. Besides their implications for 
a better understanding of the effects of 
yolk androgens on offspring development, 
our results beg the question of why fe-
males vary in their allocation of these 
hormones (Gil et al., 2004). It is possible 
that the answer lies not only in the differ-
ential effects that we found here for dif-
ferent traits, but also on potential costs for 
offspring in the long term, or just on how 
costly the mobilization and allocation of 
yolk androgens is for females. 
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Appendix S1. Supplementary Methods 
Accuracy of egg injections 
We calculated the mean and standard deviation of injection volumes by performing 
mock injections within 0.2 ml eppendorf tubes and measuring the weight with a preci-
sion balance (A-2005, Sartorius Analytical Balance, Goettingen, Germany, accuracy = 
0.0001 g) in the lab. The volume injected into the eggs was 10.15 ± 1.05 (mean ± SD) 
μl. For performing injections see further details in Muriel and co-authors (Muriel et al., 
2013). A pilot study was performed to check whether the medium containing the treat-
ments actually reached the yolk. It consisted of injection of 10 μl of sesame oil stained 
with Neutral Red (an eurhodin dye used in histology, Winckler, 1974) into seven eggs 
from three non experimental nest-boxes and retrieved them after 5 days. Yolks were 
frozen and separated from the albumin. Yolks of all injected eggs contained a homoge-
neous amount of Neutral Red throughout (albumin contained none), suggesting that the 
treatments do diffuse uniformly into the yolk within the first days. 
Sex determination 
For sex determination, DNA was extracted from the blood samples using ammonium 
acetate techniques (Bensch and Åkesson, 2003), and diluted to a working DNA concen-
tration of 25 ng/μl. This solution was used in a polymerase chain reaction (using the 
primers P2 and P8) to amplify a part of the CHD-W gene in females and the CHD-Z 
gene in both sexes (Griffiths et al., 1998). Amplified products were visualized in 1.5% 
agarose gels stained with SYBR safe (Invitrogen, Carlsbad, CA). A subsample of 32 
nestlings was run twice in several occasions to check error rate, and in all cases the sex 
determination was identical. 
References 
 
Bensch, S. and Åkesson, A. (2003). Temporal and spatial variation of hematozoans in 
Scandinavian willow warblers. J. Parasitol. 89: 388-391. 
Griffiths, R., Double, M. C., Orr, K. and Dawson, R. J. G. (1998). A DNA test to sex 
most birds. Mol. Ecol. 7: 1071-1075. 
Muriel, J., Pérez-Rodríguez, L., Puerta, M. and Gil, D. (2013). Differential effects of 
yolk testosterone and androstenedione in embryo development and nestling 
growth in the spotless starling (Sturnus unicolor). Gen. Comp. Endocrinol. 
194: 175-182. 
Winckler, J. (1974) Vital staining of lysosomes and other cell organelles of the rat with 
neutral red (author's transl). Progr. Histochem. Cytochem. 6(3): 1-91. 
 
 
 
Supplementary Table S3. Number of non hatched and hatched eggs per each treament. 
 
 
 
 
 
 
 
 
Treatment Non Hatched Hatched Total % Hatched  
Control 59 123 182 67.58 
T2 13 43 56 76.78 
T4 29 41 70 58.57 
T8 24 45 69 65.21 
Non injected 14 219 233 93.99 
  
Supplementary Table S4. Initial mixed models for tarsus length, body mass, body condition and gape width of spotless starling on nestling pe-
riod. Nonsignificant variables were removed from the model based on stepwise selection by p-values criterion (P < 0.05, corresponding to the 
numbers in bold). 
 
 Tarsus length Body mass Body condition Gape width 
Independent variable d.f. F P d.f. F P d.f. F P d.f. F P 
Treat 1/560 0.88 0.3496 1/566 0.02 0.8987 1/589 0.34 0.5623 1/591 10.83 0.0011 
Treat2 1/585 0.69 0.4061 1/584 0.73 0.3946 1/565 3.76 0.0530 1/560 0.22 0.6407 
Treat2 × Age [days] 3/538 4.94 0.0022 3/539 4.17 0.0062 3/545 1.68 0.1699 3/536 0.92 0.4297 
Treat2 × Sex 1/580 0.31 0.5796 1/582 0.62 0.4309 1/573 0.32 0.5736 1/580 0.76 0.3832 
Treat2 × Sex × Age [days] 3/530 0.13 0.9411 3/531 0.06 0.9796 3/532 0.40 0.7508 3/529 0.02 0.9962 
Trt × Age [days] 3/538 2.30 0.0761 3/539 2.08 0.1020 3/548 1.45 0.2271 3/541 0.11 0.9540 
Trt × Sex × Age [days] 3/533 0.20 0.8960 3/534 0.15 0.9307 3/535 0.43 0.7292 3/532 1.65 0.1760 
Age [days] 3/538 3257.40 <0.001 3/539 1662.52 <0.001 3/551 0.00 0.9997 3/548 924.72 <0.001 
Sex 1/575 10.99 0.0010 1/577 15.74 <0.001 1/588 0.56 0.4537 1/596 9.98 0.0017 
Trt × Sex 1/573 0.52 0.4717 1/576 0.69 0.4050 1/587 0.20 0.6553 1/586 0.04 0.8420 
Sex × Age [days] 3/538 5.68 <0.001 3/539 7.46 <0.001 3/539 0.01 0.9983 3/547 2.43 0.0640 
Clutch laying date 1/130 26.65 <0.001 1/119 1.84 0.1771 1/89.6 13.96 0.0003 1/88.4 15.55 <0.001 
Egg volume 1/261 5.41 0.0208 1/233 9.26 0.0026 1/140 9.77 0.0022 1/149 0.53 0.4674 
Laying order 1/571 95.01 <0.001 1/574 90.77 <.0001 1/600 18.40 <0.001 1/592 1.38 0.2402 
EDP 1/422 20.84 <0.001 1/418 13.11 <0.001 1/254 0.66 0.4171 1/250 3.97 0.0474 
Brood size 1/582 3.65 0.0566 1/583 10.87 0.0010 1/591 1.17 0.2794 1/590 9.86 0.0018 
Tarsus length 
─ ─ ─ ─ ─ ─ ─ ─ ─ 1/588 71.74 <0.001 
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Supplementary Table S5. Summary of final repeated-measures mixed models showing 
the estimates and standard error (estimate ± SE) of all the variables affecting tarsus 
length, body mass, body condition and gape width of nestlings. Models were run using 
Proc Mixed with Satterthwaite correction to adjust the degrees of freedom. Age was 
measured in days (3, 6, 10 and 14). 
 
 Tarsus length Body mass Body condition Gape width 
Independent variable Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE 
Intercept 29.958 ± 0.224 72.161 ± 0.979 -0.1610 ± 0.095 23.235 ± 0.139 
Treat 0.156 ± 0.075 0.307 ± 0.335 -0.0175 ± 0.030 0.0829 ± 0.025 
Age [3] -18.709 ± 0.245 -58.865 ± 1.099 ─ -3.645 ± 0.128 
Age [6] -11.520 ± 0.242 -39.906 ± 1.086 ─ 1.517 ± 0.128 
Age [10] -2.219 ± 0.242 -8.824 ± 1.086 ─ 2.713 ± 0.128 
Treat × Age  [3] -0.212 ± 0.103 -0.585 ± 0.465 ─ ─ 
Treat × Age  [6] -0.214 ± 0.103 -0.775 ± 0.463 ─ ─ 
Treat × Age [10] -0.0476 ± 0.103 0.224 ± 0.463 ─ ─ 
Sex (Males) 0.864 ± 0.185 4.571 ± 0.831 ─ 0.327 ± 0.104 
Age [3] × Sex  (Males) -0.994 ± 0.252 -5.051 ± 1.130 ─ ─ 
Age [6] × Sex  (Males) -0.686 ± 0.250 -3.748 ± 1.124 ─ ─ 
Age [10] × Sex  (Males) -0.393 ± 0.250 -2.097 ± 1.124 ─ ─ 
Treat2 -0.0916 ± 0.034 -0.0792 ± 0.152 0.0292 ± 0.015 ─ 
Treat2 × Age  [3] 0.119 ± 0.045 0.309 ± 0.202 ─ ─ 
Treat2 × Age  [6] 0.148 ± 0.044 0.477 ± 0.200 ─ ─ 
Treat2 × Age [10] 0.0313 ± 0.044 -0.161 ± 0.200 ─ ─ 
Clutch laying date 0.278 ± 0.054 ─ -0.1210 ± 0.032 -0.177 ± 0.045 
Egg volume 0.112 ± 0.048 0.643 ± 0.211 0.0959 ± 0.031 ─ 
Laying order -0.251 ± 0.026 -1.099 ± 0.115 -0.0823 ± 0.019 ─ 
EDP -0.184 ± 0.040 -0.644 ± 0.177 ─ 0.075 ± 0.037 
Brood size -0.0725 ± 0.038 -0.559 ± 0.169 ─ 0.117 ± 0.037 
Tarsus length ─ ─ ─ 0.258 ± 0.030 
  
 
  
 
 
 
 
Parental care 
 
Generally, female spotless starlings invest more than males in rearing 
the brood, although paternal care varies widely, with some pairs ex-
hibiting biparental care and others in which females are left alone to 
care for nestlings. Feedings provided by parents can be divided among 
nestlings and consists mainly of insects. Fledglings leave the nest 
around 22 days of age. 
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This chapter is based upon the manuscript: Muriel, J., Pérez-
Rodríguez, L., Ortiz-Santaliestra, M. E., Puerta, M., Gil, D. Sex-
specific effects of high yolk androgen levels on constitutive and cell-
mediated immune responses in a wild passerine. Manuscript. 
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Sex-specific effects of high yolk androgen levels on constitutive and 
cell-mediated immune responses in nestlings of an altricial passerine 
 
 
 
 
 
Abstract: Avian embryos are exposed to yolk androgens that are incorporated 
into the egg by the ovulating female. These steroids can affect several aspects 
of embryo development, often resulting in increases in overall size, or in the 
speed of growth of different traits. However, several studies suggest that they 
also entail immune costs to the offspring. In this study we explored whether 
variation in yolk androgen concentration affected several measures of the con-
stitutive and cell-mediated immune axes in the spotless starling (Sturnus uni-
color). Using a within-brood design, we injected different doses of androgens 
(testosterone and androstenedione) in the eggs. Our study showed that experi-
mentally increased yolk androgens led to sex-specific immunosuppression of 
two measures of innate and adaptive axes of the immune system. Both cell-
mediated immune response and lysozyme activity decreased with increasing 
androgen levels injected in the egg in the case of male nestlings, whereas there 
were no effects on females. We found no effects of the experimental treatment 
in hemolysis or agglutination capacity, but these measures were negatively cor-
related to cell-mediated response, suggesting negative covariance among differ-
ent branches of the immune system. Our results show that in our study species, 
yolk androgens induce immunosuppression in some axes of the immune sys-
tem. Further studies should analyse the proximate causes for these contrasting 
effects in different axes of the immune system and the reason for the differential 
impact on males and females. 
 
Keywords: Yolk hormones, testosterone, immunocompetence, parasites, an-
drostenedione, maternal effects, Sturnus unicolor 
 
Introduction 
Avian yolks contain important 
amounts of several androgens that are 
produced by female birds during ovulation 
(Gil, 2008; Groothuis et al., 2005b). Yolk 
androgens have been shown to affect sev-
eral aspects of embryo development and 
lead to both short- and long-term effects 
on various offspring traits (e.g. Partecke 
and Schwabl, 2008; Strasser and Schwabl, 
2004). Although the effects vary among 
species, many studies suggest that during 
embryo and nestling development, mater-
nal androgens induce increases in overall 
size, or in the speed of growth of different 
traits (e.g. Navara et al., 2006; Pilz et al., 
2004). These increases in growth can re-
sult in a modification of within-nest hier-
archies among nestlings (Eising et al., 
2001; Müller et al., 2004), or in overall 
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differences between broods in growth and 
survival (Müller et al., 2007). 
Given these apparent benefits, the 
occurrence of important levels of variation 
within and among clutches in androgen 
content suggests that androgen deposition 
may also entail costs for mothers or off-
spring (Gil et al., 1999). Several possibili-
ties for constraints have been proposed, 
including mismatches between parental 
care and nestling demands (Hinde et al., 
2010), negative effects in female fertility 
(Rutkowska et al., 2005), sexually antag-
onistic effects (Saino et al., 2006) or plei-
otropic effects limiting optimal allocation 
for a given trait (Gil, 2008). However, the 
hypothesis that has received the largest 
attention in the literature so far is the im-
munocompetence handicap hypothesis 
(Folstad and Karter, 1992), which is based 
on the negative effects that androgens 
cause in the immune system. This hypoth-
esis was initially proposed to account for 
possible costs limiting the development of 
exaggerated sexually selected traits. The 
evidence for the immunocompetence 
handicap hypothesis is mixed, depending 
on the group of taxa that is examined 
(Roberts et al., 2004), but several studies 
suggest that immune costs, either through 
a direct or an indirect pathway, can play a 
role in the balance of costs and benefits of 
androgens (Owen-Ashley et al., 2004).  
In the case of yolk androgens, sev-
eral lines of evidence suggest that immune 
costs might limit the amount of androgens 
that bird eggs contain. For instance, cell-
mediated and humoral immunity were 
found to be reduced in black-headed gull 
chicks (Larus ridibundus) which had been 
exposed to high levels of androgens in the 
egg (Groothuis et al., 2005a; Müller et al., 
2005). A similar reduction in both branch-
es of the immune system was found in 
jackdaws (Corvus monedula) (Sandell et 
al., 2009). In the same line, experimental-
ly infected house martins (Delichon urbi-
ca) and great tits (Parus major) laid eggs 
with lower androgen levels than control 
birds (Gil et al., 2006; Tschirren et al., 
2004), although a recent study failed to 
find an effect following a similar experi-
mental approach (Heylen et al., 2012). 
However, further studies in other species 
have found an enhanced immune response 
to experimentally increased androgens in 
eggs (Navara et al., 2006), no effects (e.g. 
Andersson et al., 2004; Pitala et al., 2009; 
Rubolini et al., 2006a; Tschirren et al., 
2005), or else have uncovered the role of 
additional factors that affect this pattern. 
For instance, in zebra finches, Rutkowska 
and coauthors found that whereas experi-
mental male nestlings suffered a reduction 
in T-cell response, the pattern was in-
versed for female chicks (Rutkowska et 
al., 2007). Also, in a previous study by 
our team we found that immune responses 
could actually be enhanced by yolk an-
drogen injections, in this case in first 
broods of spotless starlings, presumably 
because of high resource availability 
(Muriel et al., 2015b). 
Several studies have suggested that 
the trade-off between immunity and yolk 
androgens could arise by a variety of 
mechanisms, including the specific inhibi-
tion of immunity by androgens, based for 
instance on the presence of androgen re-
ceptors (AR) in some immune cells (Ah-
madi and McCruden, 2006; Gil and Cul-
ver, 2011), or through the activation of a 
corticosteroid route to immune inhibition 
(Owen-Ashley et al., 2004). Regardless of 
the mechanism, one expectation is that 
there should be a trade-off between 
growth and immunity, and this should be 
open to empirical testing. 
On the other hand, the immunologi-
cal system is a set of several defense 
mechanisms composed of several axes, 
including innate and adaptive immunity, 
and comprising cell-mediated and humor-
al responses. Therefore, it is not possible 
to measure overall strength and efficacy of 
the immune system with a single immune 
assay (Adamo, 2004). In addition, previ-
ous studies have shown that correlations 
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among immune responses need not be 
positive, and that individuals may trade-
off different aspects of their immunocom-
petence (Forsman et al., 2008; Palacios et 
al., 2012; Salvante, 2006). Trade-offs 
could be a consequence of an imbalance 
in the distribution of resources since adap-
tive immune responses are physiologically 
more costly than innate responses (Pala-
cios et al., 2009). Thus, any variation in 
maternally-derived components, such as 
androgens, may mediate increased in-
vestment in one branch of immunity at the 
expense of another. For example, Clair-
ardin and co-authors (2011) found that 
increased in ovo testosterone induced a 
trade-off between bactericidal activity and 
cutaneous immune response in house 
wrens (Troglodytes aedon). In a similar 
study conducted in zebra finches (Taenio-
pygia guttata), elevation of egg testos-
terone levels also resulted in long-lasting 
positive effects on humoral, but not cell-
mediated immune function (Tobler et al., 
2010).  
One problematic aspect in the study 
of yolk androgens is the variation in the 
injected doses in the different experiments 
conducted so far (Muriel et al., 2015a). 
This variation is likely to be a major cause 
of the diversity of effects found across 
studies, and it limits the general inferences 
that we can draw. Experimental dosage is 
an important issue, because steroids are 
known to present non-linear, dose-
response effects (Navara et al., 2005). We 
have previously shown (Muriel et al., 
2015a) a variety of dose-response pat-
terns, depending on the morphological 
trait that is studied, in the spotless starling 
(Sturnus unicolor). In this study, we used 
a similar approach to inquire about the 
effects of an increasing amount of yolk 
androgens in a suite of immune responses 
and health status in the same species. We 
explored several components of the im-
mune response, including cell-mediated 
immune response, hematological parame-
ters and several measures of constitutive 
immunity, including antibacterial capacity 
of plasma and lysozyme activity. Since 
immune deficiency is expected to lead to a 
reduction in the capacity of the organism 
to withstand attacks by parasites, we also 
analyzed differences in the community of 
blood (trypanosome and haemosporidians) 
and intestinal (coccidia) parasites. 
Material and Methods 
Study area and species 
The experiment was conducted in a large 
nest-box colony of spotless starlings 
(Sturnus unicolor) located near Madrid 
(Soto del Real). Yolk hormone manipula-
tions were conducted between mid-April 
and mid-May 2010. The study area is a 
mixed woodland, used for cattle grazing, 
and mostly composed of oak (Quercus 
pyrenaica) and ash (Fraxinus angustifoli-
us). The spotless starling is a relatively 
long lived, colonial and sedentary passer-
ine species that exhibits a facultatively 
polygynous breeding system (Moreno et 
al., 1999, Veiga, 2002). This omnivorous 
songbird (Peris, 1980) is sexually dimor-
phic, males being larger than females (Hi-
raldo and Herrera, 1974). Incubation usu-
ally starts before the last egg is laid (3-6 
eggs per clutch), and it is done mainly by 
females (lasts for 12 days approximately) 
although parental care is provided by both 
pair members (Moreno et al., 1999). The 
nestling period lasts about 21-22 days 
(Cramp, 1998; Fig. 12). Females can lay 
up to two clutches per season; the first one 
in early April and the second one about 
the end of May in our study area (López-
Rull et al., 2011). A replacement clutch 
could be laid as a result of the loss of the 
first clutch by predation or intraspecific 
competition (Müller et al., 2007; Muriel et 
al., 2015a). In this study we used chicks 
belonging to first (from 15th April to 19th 
May) and replacement broods (from 9th 
May to 13th June). The daily average 
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Figure 12. Spotless starling fledgling about 25 days old. Picture credit: Jaime Muriel. 
maximum temperature and precipitation 
(mean ± SE) recorded per each breeding 
attempt for the year of study were 16.82 ± 
0.77 °C and 2.35 ± 0.84 L m-2 for the first 
brood, and 21.07 ± 0.99 °C and 1.79 ± 
0.60 L m-2 for replacement broods (data 
provided by the Spanish Meteorological 
Agency, AEMET). 
Egg Injections 
From the end of March onward, nest-
boxes were inspected each day to deter-
mine laying date and order. Eggs were 
marked with a waterproof marker as they 
were laid. Injections began when the third 
egg was found in the nest, and the follow-
ing eggs were injected the same day they 
were laid. Clutches were randomly as-
signed to one of three experimental treat-
ments. Within each clutch, eggs were al-
ternatively injected with either control or 
experimental injections, following laying 
order. The sequence of injections (i.e. 
starting with experimental or control) was 
modified between consecutive nests. 
Experimental injections consisted 
of a combination of androgens dissolved 
in 10 μl of sesame oil (ref. 85067, Sigma-
Aldrich, Steinheim, Germany). Control 
eggs received an injection of sesame oil 
only (10 μl). Experimental eggs received 
one of the following treatments: (1) low 
androgen dose consisting of 12 ng testos-
terone (T) and 34 ng androstenedione 
(A4) (refs. 86500 and A9630 respectively, 
Sigma-Aldrich, Steinheim, Germany), (2) 
intermediate androgen dose: 24 ng T + 68 
ng A4, or (3) high androgen dose: 48 ng T 
+ 136 ng A4. The low, intermediate and 
high doses were equivalent to, respective-
ly, 2, 4 and 8 SDs of the population means 
for an average 1.4 g egg (testosterone: 14 
ng/yolk [SD = 6.0], androstenedione: 50 
ng/yolk [SD = 17.1], Müller et al. 2007)).  
In ovo injections were performed 
in the field using a standard U-50 insulin 
syringe (Terumo Corporation, Tokyo, 
Japan), following a standard protocol de-
scribed elsewhere (Muriel et al., 2013; 
Muriel et al., 2015a).  
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The experiment was carried out in 
88 clutches, but we could only use 41 of 
them due to predation, destruction by oth-
er females or impossibility to assign 
hatchlings to their experimental group 
(this is not an unusual rate of nest failure 
in this population: Müller et al., 2007). 
We included in the analysis data from 153 
chicks (75 males and 78 females), alt-
hough sample size for the different tests 
differs because for some individuals we 
were not able to collect enough blood vol-
ume to perform all the immunological 
assays. 
Nestling data and sampling 
Broods were visited frequently around the 
predicted hatching date (10-11 days after 
the last egg was laid) to be able to detect 
nestlings as they hatched and assign them 
to their specific experimental group 
(chicks were labelled by subtle cuttings in 
their dawn).  
Nestlings were measured on days 
3, 6, 10, and 14 post-hatching, in order to 
record growing patterns for a parallel 
study (Muriel et al., 2015a). In the present 
analysis we will only use data from day 
14. Body mass was recorded with a digital 
balance (Ohaus Scout II SC2020, China, 
accuracy = 0.1 g), and tarsus length with 
digital callipers (Mitutoyo Absolute, Ja-
pan, accuracy = 0.01 mm). All measure-
ments were performed by the same person 
(JM) and blindly to individual treatment 
whenever possible.  
After measuring T-cell-mediated 
immune response (see below), we took a 
blood sample (600 µL) of each nestling on 
day 15 posthatch. This sample was ex-
tracted from the jugular vein with hepa-
rinized syringes in order to carry out im-
munological tests and molecular sexing. 
Samples were kept on an ice box until 
arrival at the lab, and plasma was separat-
ed from the cell pellet by centrifuging at 
5000 g and 4ºC for 10 minutes. Plasma 
was stored in two separate aliquots at -80° 
until analysis. Also, faecal sample were 
collected from 142 of 153 nestlings while 
they were handled, kept in ice until arrival 
at the lab and stored at -80° until analysis. 
In order to determine the presence of coc-
cidian infections (Watve and Sukumar, 
1995), fecal samples were collected in the 
afternoon (17 to 21 PM), since previous 
studies have suggested that oocyst dis-
charge is much greater in the afternoon 
than in the morning (Brown et al., 2001; 
Dolnik, 1999). 
DNA extraction and molecular sexing 
DNA extraction from blood samples was 
performed using an ammonium acetate 
method (Bensch and Åkesson, 2003), and 
diluted to a working DNA concentration 
of 25 ng/µl. Sex determination was carried 
out by amplifying (through polymerase 
chain reaction - PCR) an intron of the 
CHD1 genes on the avian sex chromo-
somes (Griffiths et al., 1998). PCR prod-
ucts were electrophoresed for 60–90 min 
at 100 V in 1.5% agarose gels stained with 
SYBR safe (Invitrogen, Carlsbad, CA) 
and were visualized under UV light, 
where one band was scored as male and 
two bands as female. In order to assure 
accurate assignment of the sex, the DNA 
extraction and PCR was carried out twice 
for 32 of 153 samples. In all cases the sex 
determination was identical. 
Cell-mediated immune response 
We evaluated T-cell-mediated immune 
response (CMI) on 14 days-old nestlings, 
using a dermal phytohaemagglutinin 
(PHA) reaction in the wing web, follow-
ing a standard protocol (Smits et al., 
1999). After taking three measures of 
thickness of a plucked area of the left 
wing web with a thickness gauge (Mi-
tutoyo Co., Tokyo, Japan) to the nearest 
0.01 mm, we injected subcutaneously in 
that point 0.05 ml of a 5 mg/ml solution of 
PHA (L-8754, Sigma–Aldrich Chemie, 
Steinheim, Germany). After 24 ± 1.3 h, 
we took 3 new measurements of the 
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Figure 13. Hematozoic trypomastigotes of Trypanosoma sp. from a spotless starling 
nestling at day 14 posthatch. Giemsa-stained thin blood films. Picture credit: Jaime 
Muriel. 
 
thickness of left wing web at the same 
point. As the repeatability of the meas-
urements is high (Smits et al., 1999), we 
used the mean for statistical analysis. 
Cell-mediated immunocompetence (CMI) 
was estimated as the difference between 
initial and final meas-urements of the left 
wing web swelling (Smits et al., 1999). 
All measurements were done by the same 
individual (JM), blind with respect to 
treatment. 
Leukocyte and hemoparasite counts 
For identification of blood parasites (Fig. 
13) and leucocytes, a drop of blood was 
smeared on one individually marked mi-
croscope slide. Once the blood had air 
dried, we fixed the slide by 3 min immer-
sion in 100 % methanol and stained it us-
ing commercial Giemsa diluted with PBS 
pH 6.8 (1:2). Slides were examined under 
the microscope using the oil immersion 
objective (1000× magnification) to esti-
mate the proportion of different types of 
leucocytes and hemoparasites (Campbell 
and Ellis, 2007; Merino et al., 2001). Es-
timates of the total white blood cell count 
(WBC) and intensity of infection were 
calculated per approximately 10,000 
erythrocytes. Differential leukocyte counts 
were obtained by multiplying their pro-
portions with respect to WBC, which were 
classified as heterophils, eosinophils, ba-
sophils, lymphocytes or monocytes. We 
also took the ratio of heterophils/ lympho-
cytes (H/L ratio) and the total leukocyte 
count as a measure of physiological stress 
and immunity, respectively, in birds 
(Gross and Siegel 1983; Maxwell and 
Robertson 1998). By screening smears, 
we could only identify intra- or extra-
erythrocytic hemoparasites to genus level. 
One person (JM) conducted all cell and 
parasite counts to eliminate variation be-
tween observers. 
Coccidia abundance 
Protozoan coccidia are one of the most 
common intestinal parasites in birds (Svo-
bodova et al., 2015; Zinke et al., 2004). 
Quantitative analysis of coccidian oocysts 
found in each fecal sample was carried out 
using a flotation technique (Villanua et 
al., 2006). Fecal samples were extracted 
from collection tubes and extended in fil-
ter paper for 5 minutes to remove formal-
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dehyde remnants. After that, approximate-
ly 0.5 g of feces were homogenized and 
suspended in 5 ml of a saturated ZnSO4 
solution (specific density 1.18). Oocyst 
counts were performed using a MacMas-
ter chamber and their concentration (oo-
cysts per gram of feces) calculated taking 
into account the exact weight (to the near-
est 0.001 g) of each sample. Based on 
oocyst morphology (four sporozoites 
within each of two sporocysts), coccidia 
detected were identified as Isospora spp., 
a protozoan gut parasite belonging to the 
Eimeria complex. Because of its direct 
life cycle, avian Isospora species require 
no vector for the spread of infection, and 
transmission occurs if an appropriate host 
ingests sporulated oocysts (Fayer and 
Reid, 1982). We did not detect other intes-
tinal parasite propagules in the samples 
analyzed. 
Hemolysis-hemagluttination assays 
Levels of natural antibodies and comple-
ment were quantified following Matson et 
al. (2005). We prepared twofold serial 
dilutions of plasma into phosphate buff-
ered saline (PBS) across a 96-well plate 
using one row per bird (12 wells). Each 
row contained plasma at dilutions ranging 
from 1 through 1/1.024 in volumes of 
25µl. We added to each well 25 µl of 
0.1% sheep red blood cell suspension pre-
pared with blood extracted from a sheep 
housed at the Dehesa de Galiana farm 
(Ciudad Real, Spain) less than 48 h before 
the assay and stored refrigerated until pro-
cessing . Plates were covered and incubat-
ed at 37ºC for 60 min, tilted at a 45° angle 
for an additional 60 min, and then scanned 
under a stereomicroscope. We scored each 
sample by taking the value of the lowest 
plasma dilution that was sufficient to in-
duce hemagglutination and hemolysis. 
Therefore, higher scores reflect, respec-
tively, higher levels of natural antibodies 
and higher combined activity of the com-
plement with natural antibodies. All 
scores were performed by the same person 
(MEO-S) who was blind to the identity of 
each sample. Repeatabilities, for a subset 
of 31 random samples assayed in dupli-
cate, were high both for hemolysis (r = 
0.86, F30,31= 13.8, P < 0.001) and hemag-
glutination (r = 0.91, F30,31 = 20.1, P < 
0.001). 
Lysozyme activity 
Lysozyme is one the main antimicrobial 
proteins of the blood, being produced by 
most types of leukocytes (Gill, 1995). To 
measure lysozyme activity of plasma 
samples we used a 600 mg/l suspension of 
Micrococcus lysodeikticus (ref. M3770-
5G, Sigma-Aldrich, Steinheim, Germany) 
in PBS. In each well of a 96-well plate, 
we added 200 µl of this bacterial suspen-
sion to 20 µl plasma or PBS wells, which 
were used as blanks. The activity of lyso-
zyme is proportional to the rate of absorb-
ance reduction due to the lysis M. lyso-
deikticus present in the suspension. To 
quantify this process, plates were incubat-
ed at 37°C and we measured absorbance 
at 850 nm at 15, 30, 45 and 60 min using a 
microplate reader (Biotek Powerwave 
XS2, Winooski, VT, USA). Plasma sam-
ples were assayed in duplicate. For each 
sample, we calculated the regression slope 
between absorbance (after subtracting the 
absorbance of blanks) and time. In order 
to quantify lysozyme concentrations (in 
µg/ml), a standard curve elaborated by 
serially diluting crystallized lysozyme 
(ref. L-6876, Sigma-Aldrich, Steinheim, 
Germany) in PBS was also included in all 
plates and treated in the same way as 
plasma samples. The repeatability of lyso-
zyme quantification was high (r = 0.90, 
F48,49 = 19.9, P < 0.001). 
Statistical Analyses 
All calculations were performed in the r 
language v. 3.1.0 (R Core Team, 2015). 
We analysed the data applying general 
lineal mixed models with the lmer func-
tion in the ‘lme4’ package (Bates et al., 
2014), and depending on the data distribu-
tion we used Gaussian, Poisson or binom- 
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Table 4. Results of a mixed linear model testing the predictors of nestling cell-mediated 
immune response (swelling response), where nest is declared as random effect. χ2 (df = 1) 
and P values arise from a type III analysis of deviance on the model. In the case of fac-
tors, estimates refer to the second level of each group (females in the case of sex, and 
replacement broods in the case of brood). Sample size is 153 individuals. 
 
Term χ2 P Estimate (SE) 
Treatment 1.01 0.317 -0.031 (0.03) 
Sex 4.54 0.033 -0.375 (0.17) 
Pre-swelling 0.34 0.555 0.046 (0.08) 
Brood 4.30 0.038 -0.393 (0.19) 
Body mass  2.10 0.147 -0.245 (0.17) 
Growth 7.42 0.006 0.497 (0.17) 
Treatment*Sex 4.91 0.027 0.095 (0.04) 
 
Table 5. Results of a mixed linear model testing the predictors of nestling lysozyme 
activity, where nest is declared as random effect. χ2 (df = 1) and P values arise from a 
type III analysis of deviance on the model. In the case of factors, estimates refer to the 
second level of each group (females in the case of sex, and replacement broods in the 
case of brood). Sample size is 93 individuals. 
Term χ2 P Estimate (SE) 
Treatment 3.17 0.074 -0.089 (0.05) 
Sex 0.76 0.381 -0.234 (0.27) 
Brood 2.63 0.104 -0.346 (0.21) 
Body mass  0.78 0.375 -0.185 (0.21) 
Growth 0.04 0.833 -0.044 (0.21) 
Treatment*Sex 6.29 0.012   0.182 (0.07) 
 
ial negative distributions. Experimental 
treatment and sex were the fixed factors 
(predictor variables). Treatment was treat-
ed as continuous rather than categorical 
because androgen doses increased step-
wise (Muriel et al., 2015a). Nest was de-
fined as a random effect affecting the 
model intercept. Information criteria 
(lowest AIC value) were used to select the 
best models. All biologically meaningful 
double interactions were included in the 
original model. 
Results 
Cell-mediated immune response 
The best supported model contained a 
positive effect of growth and an interac-
tion between treatment and sex indicating 
that immune response was differentially 
affected by treatment in males and fe-
males (Table 4). The significant interac-
tion resulted from negative and positive 
trends for males and females, respectively 
(Fig. 14). However, separate GLMs for 
males and females failed to find a signifi-
cant pattern of treatment in either sex 
(males: χ2 = 2.07, P = 0.15, estimate (SE) 
= -0.045 (0.03); females: χ2 = 2.86; P = 
0.09, estimate (SE) = 0.051 (0.03). Fur-
thermore, after controlling for body size, 
birds that grew more also had stronger 
immune responses (Fig. 15). Irrespective 
of treatment, cell-mediated immune re-
sponse showed a seasonal decline in re-
placement broods and lower responses in 
females (Table 4). 
Constitutive immunity measurements 
Hemolysis and agglutination: Lysis levels 
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Figure 14. Effects of yolk androgen treatment on cell-mediated immune response 
(swelling of the wing web in response to PHA injection). The continuous line represents 
the estimate for males and the dotted line for females. 
 
 
Figure 15. Relationship between cell-mediated immune response (swelling of the wing 
web in response to PHA injection) and growth during the nestling stage. 
 
were not affected by treatment, sex, body 
mass or growth (all P > 0.23), but strongly 
increased in replacement with respect to 
first broods (χ2 = 12.32, P < 0.001; esti-
mate (SE) for the replacement brood: 0.72 
(0.20). Agglutination was similarly de-
pendent on brood (χ2 = 9.18, P < 0.01; 
estimate (SE) for the replacement brood:  
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Table 6. Correlation among the four immunological measurements obtained. Sample size 
is 94 individuals and asterisks indicate: * P <0.05, *** P < 0.001. 
 
 Haemolysis Agglutination Lysozyme activity 
Cell-mediated immune response -0.145 -0.206* 0.002 
Haemolysis  0.765*** -0.016 
Agglutination   -0.041 
 
 
Figure 16. Effects of yolk androgen treatment on lysozyme antibacterial activity. The 
continuous line represents the estimate for males and the dotted line for females. 
0.65 (0.21), increased with increasing 
body mass (χ2 = 6.32, P < 0.02; estimate 
(SE): 0.24 (0.09), and was not affected by 
treatment, sex or growth (P > 0.18). 
Lysozyme activity in plasma: The GLM for 
lysozyme activity showed a significant in-
teraction between treatment and sex, with 
males displaying lower levels of lysozyme  
activity with increasing yolk androgen 
dose and no effect on females (Table 5; 
Fig. 16), and neither brood, body mass or 
growth were significant. Separate models 
for males and females confirmed this in-
teraction, showing a highly significant 
negative effect of treatment on males (χ2 = 
6.56, P < 0.01, estimate (SE): -0.09 (0.03), 
and a non-significant positive trend for 
females (χ2 = 2.24, P = 0.14, estimate 
(SE): 0.10 (0.069). 
Correlations among immunological 
measurements 
We ran Pearson correlations on the nor-
malised scores of the four measurements 
of immunity that we obtained (Table 6). 
The data show that agglutination and he-
molysis scores are strongly correlated 
among them. Cell-mediated immunity is 
however negatively correlated with agglu-
tination, and shows a similar trend with 
respect to hemolysis. Lysozyme activity 
stands out as an independent component 
of the immune system unrelated to the rest 
(Table 6). 
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Table 7. Results of models testing the predictors of several haematological parameters, 
where nest is declared as random effect. Models are either GLMs on normalised values 
when possible, or else GGLMs with Poisson error distributions. χ2 (df = 1) and P values 
arise from a type III analysis of deviance on the model. In the case of factors, estimates 
refer to the second level of each group (females in the case of sex, and replacement 
broods in the case of brood). Sample size is 153 individuals. 
 
White blood cell type Terms χ2 estimate (SE) P 
Heterophil/lymphocyte ratio Treatment 1.41 0.03 (0.02) 0.234 
 Sex 0.01 -0.01 (0.15) 0.975 
 Brood 8.64 -0.54 (0.18) 0.003 
 Body mass 9.30 -0.27 (0.08) 0.002 
% eosinophils/total leukocytes  Treatment 0.20 0.01 (0.02) 0.653 
 Sex 0.05 0.04 (0.15) 0.809 
 Brood 1.70 0.26 (0.19) 0.192 
 Body mass 6.60 0.24 (0.09) 0.010 
% basophils/total leukocytes  Treatment 3.24 -0.03 (0.02) 0.071 
 Sex 0.87 -0.12 (0.12) 0.350 
 Brood 45.2 -0.90 (0.13) <0.001 
 Body mass 0.47 -0.05 (0.07) 0.488 
% monocytes/total leukocytes Treatment 0.01 -0.01 (0.02) 0.989 
 Sex 1.03 -0.15 (0.15) 0.310 
 Brood 36.75 -0.97 (0.16) <0.001 
 Body mass 0.89 -0.08 (0.08) 0.345 
% total leucocytes/erythrocytes Treatment 2.42 -0.04 (0.03) 0.119 
 Sex 3.10 0.28 (0.16) 0.078 
 Brood 0.03 0.03 (0.19) 0.853 
 Body mass 0.13 0.10 (0.09) 0.256 
 
Haematological parameters 
We ran individual models for percentages 
of each leukocyte type over total leuko-
cytes, for total number of leukocytes and 
for the ratio of heterophil to lymphocyte 
types (Table 7), testing the predictors, and 
respecting the specific error distribution of 
each variable. Treatment was not related 
to any parameter, although there was a 
non-significant tendency (P = 0.07) for 
basophils to decrease with increasing yolk 
androgen dose. There were no significant 
differences between sexes in the composi-
tion of blood cell types. Eosinophils in-
creased with body mass, whereas the het-
erophil/lymphocyte ratio decreased. Re-
placement broods were characterised by 
significantly lower levels of basophils and 
monocytes and a reduction of the hetero-
phil/lymphocyte ratio. 
Parasites 
We detected no malaria parasites (Haem-
oproteus, Plasmodium or Leucocytozoon) 
in the first 50 blood smears that we ana-
lysed, and thus we stopped checking for 
them in the rest of them. However, Trypa-
nosoma spp. was found with a moderate 
prevalence (19.73%, N =152). A binomial 
GLM showed that the presence of Trypa-
nosoma in blood was not related to treat-
ment, sex or body mass (all estimates P > 
0.37), but strongly increased from first to 
replacement broods (F = 11.23, P < 0.001; 
estimate (SE) for the replacement brood: 
2.59 (0.77). 
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Using a GLMM with negative binomial 
distribution we found that the number of 
coccidia in faeces was also not related to 
treatment, sex or body mass (all P > 0.10), 
but strongly increased from first to re-
placement broods (χ2 = 9.57, P < 0.01; 
estimate (SE) for the replacement brood: 
1.64 (0.51). 
Discussion 
Our study examined how several as-
pects of nestling innate immunity were 
modified as a response to an experimental 
increase in yolk androgen levels. The gen-
eral pattern indicates that both sexes react 
different in this species, males being more 
immunologically compromised by yolk 
androgens than females (see below). 
There was no general effect across sexes, 
even though our treatment encompassed a 
wide range of yolk androgen doses, and 
was designed to test for possible dose-
dependent effects. There were sex-specific 
patterns for cell-mediated immune re-
sponse and lysozyme activity, but neither 
innate lysis or agglutination efficiency, or 
general immune condition as measured by 
haematological parameters showed im-
mune suppression. In agreement with 
these patterns, neither haematozoan para-
sites nor coccidial infection were in-
creased as a result of the yolk androgen 
manipulation.  
We detected two sex-specific pat-
terns, in which both male plasma lyso-
zyme activity and cell-mediated immune 
response decreased with increasing yolk 
androgen levels. These results are con-
sistent with a previous study conducted in 
the same starling population, where male 
chicks that hatched from yolk androgen-
treated eggs suffered a slight suppression 
of their cell-mediated immune respon-
siveness (Muriel et al., 2013). A similar 
pattern has been previously found in the 
zebra finch Taenyiopigya guttata 
(Rutkowska et al. 2007), which matches 
with the sex-specific effects of yolk an-
drogens on growth in that species (von 
Engelhardt et al., 2006).  
Evidence from previous studies 
shows that yolk androgen manipulations 
can affect the growth of males and fe-
males differently in some species (Saino 
et al., 2006; von Engelhardt et al., 2006), 
and a recent review concluded that these 
differential effects tend to happen more 
often in species with strong sexual size 
dimorphism (Tschirren, 2015). However, 
in our previous studies in the spotless star-
ling, we have not found sex-specific ef-
fects of yolk androgens on nestling growth 
(Müller et al., 2007; Muriel et al., 2013; 
Muriel et al., 2015a; Muriel et al., 2015b). 
In a parallel study using the same experi-
mental setup employed here we found that 
elevated yolk testosterone resulted in en-
hanced somatic growth in both sexes 
(Muriel et al., 2015a). Our data suggest 
that this differential effect of sex is inde-
pendent of absolute size, and that is rooted 
in sex-specific processes so that only 
males, the larger sex, pay an extra immu-
nological cost, as often shown in several 
studies across a diverse range of species 
(Fargallo et al., 2002; Lobato et al., 2008; 
Muller et al., 2003). Since male and fe-
male chicks in our study species have sim-
ilar levels of testosterone (Gil et al., 2008; 
Müller et al., 2007), the higher immune 
susceptibility of the former should arise 
by differences in hormone metabolism or 
function (Duffy et al., 2000; Fargallo et 
al., 2002; Møller et al., 1998; Moreno et 
al., 2001). 
Most experimental injections of 
yolk androgens typically use one single 
dose, and the amount that is injected var-
ies widely between studies (Muriel et al., 
2015a), thus making it difficult to identify 
general patterns. Very few avian studies 
have examined whether the immunologi-
cal consequences of yolk androgens vary 
depending on the injected concentration. 
In contrast to low doses of testosterone, 
high doses have inhibitory effects on the 
growth of the bursa of Fabricius in em-
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bryos (Norton and Wira, 1977), which is a 
central humoral immune organ that plays 
important roles in avian B cell develop-
ment and antibody production (Davison et 
al., 2008). Other studies have also found 
that high testosterone doses resulted in 
detrimental effects on cell-mediated im-
munity in nestlings (Navara et al., 2006).  
Theory predicts that benefits derived 
from high androgen levels are counteract-
ed by negative effects in immunity 
(Folstad and Karter, 1992). In the case of 
yolk androgen levels, several studies have 
found support for this hypothesis, both in 
the cellular and humoral axes of immunity 
(Groothuis et al., 2008; Müller et al., 
2005; Sandell et al., 2009). However, oth-
er studies have found no effects (Rubolini 
et al., 2006b) or conflicting evidence. For 
instance, in another experiment in the 
same species, we found that differences in 
lymphocyte proliferation between treat-
ment and control nestling varied depend-
ing on the time of the season when the 
study was done (Muriel et al., 2015b). 
Thus, cellular immune response actually 
increased in androgen-treated nestlings in 
first broods and showed an antagonistic 
trend in second broods. This suggests that 
environmental conditions, likely food 
availability, exposure to parasites or dif-
ferences in egg composition profoundly 
affect the cost/benefit balance of yolk an-
drogens (Muriel et al., 2015b). Since dif-
ferences in environmental conditions dur-
ing early development may differentially 
affect male and female offspring (Blondel 
et al., 2002), it is possible that the adverse 
weather conditions experienced during 
first and replacement broods in 2010, 
cooler and drier than what is usually expe-
rienced during this period (Muriel et al., 
2015b), entailed higher immunological 
costs, especially in androgen-treated 
males.  
Although we found no evidence of 
any direct correlation between cell-
mediated immune response and lysozyme 
activity in plasma (but see: Clairardin et 
al., 2011), both measurements showed the 
same sex-specific responses to high yolk 
androgen levels. These results can be in-
terpreted on the light of common compo-
nents in the innate and adaptive axes of 
the immune system (Forsman et al., 2010; 
Vinkler et al., 2010). However, contrary 
to lysozyme activity, cell-mediated im-
mune response was also influenced by 
several variables. Thus, we found that 
cell-mediated immune response was posi-
tively correlated with nestling growth; 
which is consistent with previous studies 
finding a less developed cell-mediated 
immune response in nestlings with lower 
growth rate (Horak et al., 2000; Hõrak et 
al., 1999). Since the activation of an im-
mune response has energetic and/or nutri-
ent costs that may interfere with metabolic 
processes (Demas et al., 1997), the posi-
tive relationship between cell-mediated 
response and the increase in mass that we 
found suggests that birds did not trade-off 
one against the other.  
Interestingly, although yolk andro-
gen treatment entailed a greater immuno-
suppression in males, the overall cell-
mediated response was greater in males 
than in females (López-Rull et al., 2011), 
which might be related to differences in 
competitive advantage over food under 
harsh environmental conditions (Alonso-
Alvarez and Tella, 2001). In fact, several 
studies have shown that variations in cell-
mediated immune response may be asso-
ciated with different sex-sensitivity to 
environmental conditions (Chin et al., 
2005; Dubiec et al., 2006; Fargallo et al., 
2002). 
We found that cell-mediated im-
mune response as well as several haema-
tological parameters, such as basophils 
and monocytes, decreased as the breeding 
season advanced, as is often the case in 
other studies (López-Rull et al., 2011; 
Sorci et al., 1997). We have previously 
shown a negative effect of clutch laying 
date on nestling body condition in the 
same study population (Muriel et al., 
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2015a). This pattern is in agreement with 
the lower immune responses that we de-
tected in this study. This pattern could 
arise because of lower parental quality, 
since high-quality birds breed earlier in 
the season and are probably less likely to 
lose their first laid clutches (Brinkhof et 
al., 1999; Verhulst and Nilsson, 2008). In 
addition, differences can arise because of 
differences in overall food quantity and 
quality or differential exposure to para-
sites and pathogens across the breeding 
season (Biard et al., 2015; Muriel et al., 
2015b; Sorci et al., 1997). In agreement 
with this possibility, we found an increase 
of trypanosomes and coccidia in replace-
ment broods compared to first broods.  
In a previous study we used an in-
vitro assay to study T-cell proliferation 
patterns in nestlings after yolk-androgen 
manipulation, and found that it varied 
depending on the season (Muriel et al., 
2015b). It is not possible to directly com-
pare those patterns with the present study 
because here we have used a measure of 
the external swelling response, which not 
only involves proliferation of T-cells but 
also the secretion of proinflammatory cy-
tokines that recruit and activate effector 
cells and phagocytes such as basophils, 
heterophils, and macrophages (Martin II et 
al., 2006; Salaberria et al., 2013), and thus 
involves both innate and adaptive compo-
nents of the immune system (Bílková et 
al., 2015; Stadecker et al., 1977).  
The different components of the 
immune system do not always respond in 
the same way and studies show that they 
can interact and trade-off with one another 
(Forsman et al., 2008; Martin et al., 2006; 
Palacios et al., 2007). We found that he-
molysis and agglutination (measures of 
natural antibody levels and complement 
activation, respectively: Matson et al., 
2005) were positively correlated with each 
other, as found before in other avian spe-
cies (Matson et al., 2006). This correlation 
is expected because natural antibodies, 
responsible for hemagglutination, are also 
involved in the hemolysis process, as an-
tibodies interact with the antigen (SRBC) 
to create complexes on which complement 
proteins responsible for lysis act (Matson 
et al., 2005). However, these two 
measures were negatively related to cell 
immunity, showing perhaps different im-
mune strategies between individuals. It is 
possible that differences in environmental 
factors, such as food availability or 
weather conditions, could explain this 
pattern, since these two groups of immune 
responses showed opposite patterns in 
relation to breeding season (e.g. first vs. 
replacement clutches). Lysozime activity 
however behaved independently to any 
other component of the immune system 
included in this study. This is not the first 
time that immunocompetence estimates 
are found to differ, showing negative co-
variance. For instance, it has been found 
in house wrens that humoral and cell-
mediated responses covary negatively 
among broods, suggesting a trade-off in 
immunity (Forsman et al., 2008). In fact, a 
study in that same species has been shown 
that experimentally increased in-ovo tes-
tosterone induces a trade-off between bac-
tericidal activity and cutaneous immune 
response (Clairardin et al., 2011).  
Thus, our results show that immu-
nosuppression resulting from high yolk 
androgen levels affected components of 
both the innate and adaptive axes of the 
immune system in males. Given the com-
plex nature of the different axes, this does 
not allow us to predict how other compo-
nents of the immune system could be af-
fected by the manipulation (Forsman et 
al., 2008). Yolk androgens may prime the 
development and expression of various 
components of the immune system such as 
cell-mediated and humoral immune func-
tion differently (Sandell et al., 2009), with 
sex- and context-specific consequences 
(Pigeon et al., 2013).  
Immunosuppression due to high an-
drogen levels could make individuals 
more susceptible to disease. However, we 
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found no evidence for malaria infection in 
any of the individuals during the nestling 
phase. This could be due to blood samples 
being taken too early in development (14 
days old), since data in other species show 
that the prepatent period (the time from 
infection to the demonstration of the para-
site in the blood) is longer than the nestl-
ing period in most bird species (Cosgrove 
et al., 2006; Fallis and Bennett, 1961; Me-
rino and Potti, 1995). On the other hand, 
we found only a few chicks infected with 
trypanosome, species which has probably 
a shorter prepatent period (Merino and 
Potti, 1995). In contrast, the prevalence of 
infection by coccidia (Isospora spp.) was 
high, although there were no differences 
between experimental groups. In line with 
our results, Tschirren and co-authors 
found no indication that high concentra-
tions of yolk testosterone increase the 
nestling's susceptibility to ectoparasites 
(Tschirren et al., 2005). Similarly, a pre-
vious study that increased levels of andro-
gens by subcutaneous placement of testos-
terone-filled implants showed that neither 
hormone treatment nor age influenced 
prevalence of coccidia (Hudman et al., 
2000). It is possible that the absence of 
effects was due to a delayed effect of an-
drogens on coccidia infection, as it has 
been shown for other intestinal parasites 
of testosterone-implanted birds (e.g. 
Mougeot et al., 2005). Broods in replace-
ment broods had higher levels of both 
coccidia and trypanosomes. This pattern is 
likely due to differences in abiotic factors, 
such as temperature or humidity (Brooker 
et al., 2006; Svobodova et al., 2015) or to 
seasonal differences in diet (Peris, 1980) 
which would imply different exposure to 
parasites (Dolnik et al., 2010).  
To sum up, our study showed that 
experimentally increased yolk androgens 
led to sex-specific immunosuppression of 
two measures of innate and adaptive axes 
of the immune system. Despite this, there 
was no evidence of increased susceptibil-
ity to blood or intestinal parasites. We 
found a negative covariance among dif-
ferent branches of the immune system, 
suggesting that future studies about the 
effects of maternal androgens on immune 
response should consider a wider range of 
immunological assays which cover as 
many branches of the innate and adaptive 
immune system as possible. In addition, 
we note the importance of exploring the 
sex- and context-specific effects of yolk 
androgens to understand more precisely 
the role of maternal effects in the off-
spring immune response. 
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Foraging in a dry land 
 
Fruits and seeds compose an important part of the diet of the spotless 
starling. However the main component during spring and summer are 
invertebrates. Food availability decreases as the breeding season ad-
vances, and during late broods they face a harsher environmental con-
text. 
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Context-dependent effects of yolk androgens on nestling growth 
and immune function in a multi-brooded passerine 
 
 
 
 
Abstract: Female birds may adjust their offspring phenotype to the specific re-
quirements of the environment by differential allocation of physiologically ac-
tive substances into yolks, such as androgens. Yolk androgens have been shown 
to boost embryonic development, growth rate and competitive ability of nest-
lings, but they can also entail immunological costs. The balance between costs 
and benefits of androgen allocation is expected to depend on nestling environ-
ment. We tested this hypothesis in a multi-brooded passerine, the spotless star-
ling, Sturnus unicolor. We experimentally manipulated yolk androgen levels 
using a between-brood design, and evaluated its effects on nestling develop-
ment, survival and immune function. Both in first and replacement broods, the 
embryonic development period was shorter for androgen-treated chicks than 
controls, but there were no differences in second broods. In replacement broods, 
androgen-treated chicks were heavier and larger than those hatched from con-
trol eggs, but this effect was not observed in the other breeding attempts. An-
drogen exposure reduced survival with respect to controls only in second 
broods. Regarding immune function, we detected non-significant trends for an-
drogen treatment to activate two important components of innate and adaptive 
immunity (IL-6 and Ig-A levels, respectively). Similarly, androgen-treated 
chicks showed greater lymphocyte proliferation than controls in the first brood 
and an opposite trend in the second brood. Our results indicate that yolk andro-
gen effects on nestling development and immunity depend on the environmen-
tal conditions of each breeding attempt. Variation in maternal androgen alloca-
tion to eggs could be explained as the result of context-dependent optimal strat-
egies to maximize offspring fitness. 
 
Keywords: Yolk androgens, testosterone, androstenedione, maternal effects, 
Sturnus unicolor, immune response, life history trade-offs, breeding conditions 
 
Introduction 
Female birds deposit variable amounts of 
physiologically active substances into egg 
yolks (Ricklefs, 1984; Williams, 1994; 
Bernardo, 1996), which potentially affect 
embryonic growth and development and 
can vary seasonally (Hargitai et al., 2009). 
This flexible maternal mechanism may 
allow females to adjust the offspring phe-
notype to specific requirements of the 
environment (Mousseau and Fox, 1998; 
Vergauwen et al., 2012; Giordano et al., 
2014). Since the publication of the first 
study confirming the presence of mater-
nally derived hormones in the yolk 
(Schwabl, 1993), elucidating the role of 
yolk androgens as modulators of maternal 
effects has been a subject of intensive 
research during the last twenty years (Gil 
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et al., 1999; Schwabl, 1997; Williams et 
al., 2004; Räsänen and Kruuk, 2007). It is 
known that avian embryos actively re-
spond to variations in maternally derived 
androgens of the egg (Reed and Clarck, 
2011), which may also affect a whole 
suite of nestling and adult traits including 
growth, immunity, sexual development, 
dispersal or personality (reviewed in 
Groothuis et al., 2005a; Gil, 2008). Dif-
ferent androgens may have different bio-
logical consequences (Hegyi et al., 2011; 
Muriel et al., 2013; Tschirren et al., 
2014). Moreover, a particular hormone 
can have different effects on a given trait, 
depending on the species (reviewed in 
Groothuis et al., 2005a; Gil, 2008) or the 
sex of the chick (Müller et al., 2005; von 
Engelhardt et al., 2006; Saino et al., 2006; 
Müller et al., 2008; Müller et al., 2010; 
Ruuskanen and Laaksonen, 2010; but see 
Lipar and Ketterson, 2000). This hormo-
nal ‘pleiotropy’ could induce a number of 
life-history trade-offs (reviewed in Wil-
liams, 2012), and studies that manipulate 
androgen levels are helpful to identify the 
mechanisms underlying these processes 
(Andersson et al., 2004; Groothuis et al., 
2005b). Androgen-injection studies have 
shown that small changes in yolk hormone 
levels induce a wide range of effects (re-
viewed in Groothuis et al., 2005a; Gil, 
2008). Some of these effects, such as ac-
celerated embryonic development (Eising 
et al., 2001; Eising and Groothuis, 2003; 
Muriel et al., 2015), increased growth rate 
(Eising et al., 2001; Pilz et al., 2004; 
Muriel et al., 2015), improved competitive 
behavior in nestlings (Ketterson, 1992; 
Müller et al., 2009; Müller et al., 2012) or 
intensified begging behavior (Schwabl, 
1996a; Eising and Groothuis, 2003), sug-
gest that maternal yolk androgens are gen-
erally beneficial to offspring.  
However, androgens can also entail 
some negative side-effects. For instance, 
the immunocompetence handicap hypoth-
esis (Folstad and Karter, 1992) proposes 
that androgens could be beneficial for 
some traits such as the production of male 
secondary sexual traits, but also harmful 
due to their immunosuppressive effects 
(reviewed in Owen-Ashley et al., 2004; 
Groothuis and Schwabl, 2008; but see 
Roberts et al., 2004). It has indeed been 
found that prenatal androgen overexpo-
sure may decrease cellular and humoral 
immune responsiveness elicited by stand-
ard in vivo challenges by lipopolysaccha-
rides, phytohemagglutinin or sheep red 
blood cells (Saino et al., 1995; Verhulst et 
al., 1999; Duffy et al., 2000; Groothuis et 
al., 2005b; Navara et al., 2005, Müller et 
al., 2005, Sandell et al., 2009). However, 
the effects of yolk androgens on other 
components of the immune system remain 
understudied. 
Beyond parent-offspring and sexual 
conflict over parental investment (Trivers, 
1974; Godfray, 1995; Müller et al., 
2007a), maternal deposition of yolk hor-
mones may also influence trade-offs expe-
rienced by the offspring (e.g. balance be-
tween growth and immunocompetence; 
Saino et al., 1998; Soler et al., 2003) 
whose optimal resolution is context de-
pendent. In fact, although androgen levels 
may covary positively with female quality 
or with egg position in the laying se-
quence (Schwabl, 1993; Lipar et al., 1999; 
Pilz et al., 2003; Tanvez et al., 2007), 
several studies have shown that this varia-
tion may also depend largely on the envi-
ronmental features that are affecting the 
breeding female, such as nutritional condi-
tions (Verboven et al., 2003; Gasparini et 
al., 2007; Benowitz-Fredericks et al., 
2013), photoperiod (Schwabl, 1996b), 
aggressive interactions (Whittingham and 
Schwabl, 2002), the attractiveness of their 
mates (Gil et al., 1999; Gil et al., 2004; 
Uller et al., 2005), parasite abundance 
(Tschirren et al., 2004; Postma et al., 
2013) or breeding density (Schwabl, 1997; 
Groothuis and Schwabl, 2002; Pilz and 
Smith, 2004). Such maternal modulation 
of yolk androgens as a function of the 
environmental conditions could be an 
adaptive strategy to handle the context- 
and dose-dependent effect of androgens 
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(eg. Martínez-Padilla et al., 2010; 2014). 
However, such hypothetical context-
dependent effect of yolk androgens on 
offspring physiology has scarcely been 
explored (Verboven et al., 2003; Gaspa-
rini et al., 2007; Benowitz-Fredericks et 
al., 2013). 
Seasonal variation in environmental 
conditions is one of the main factors that 
impacts on the breeding context, as it may 
affect the resources available for foraging, 
antiparasite defense, thermoregulation, 
and parental care in general (Reed and 
Clark, 2011). In multi-brooded bird spe-
cies, females are expected to adjust the 
allocation of egg resources –including 
yolk androgens- in different broods to 
maximize reproductive success and off-
spring fitness (Tinbergen, 1987; Stouffer, 
1991; Verhulst et al., 1997; Styrsky et al., 
1999; Robinson et al., 2010; Giordano et 
al., 2014). If the reason for such seasonal 
variation in androgen allocation to yolks is 
an adjustment to balance the costs and 
benefits of hormones according to envi-
ronmental conditions, we would expect 
that a given increase in androgen levels 
would result in contrasted effects on off-
spring fitness at the beginning and at the 
end of the breeding season, when envi-
ronmental conditions become tougher.  
We examined the effects of yolk an-
drogens on embryo development, nestling 
growth and chick’s immune function in 
the spotless starling (Sturnus unicolor), 
taking into account the different breeding 
attempts in the same breeding season. We 
experimentally manipulated yolk andro-
gen concentrations of whole clutches by in 
ovo injection of a combination of testos-
terone (T) and androstenedione (A4) dis-
solved in sesame oil or vehicle only (con-
trol). We measured hatching success, 
growth and survival until nearly fledging 
(14 days age). We also studied gape 
width, which is a temporary trait used by 
nestlings during begging displays to par-
ents (Müller et al., 2007b; Gil et al., 
2008). At that age, we also evaluated the 
immune function of individuals using dif-
ferent indicators of both innate (number 
and proportion of leukocytes, and level of 
IL-6) and adaptive immunity (lymphocyte 
proliferation and Ig-A level), since several 
nestling immune function parameters are 
associated with survival in the nest (Hõrak 
et al., 1999; Merino et al., 2000). In this 
way, we monitored a variety of develop-
mental and physiological parameters that 
may be affected by yolk androgens, and 
that may allow us to track the variation in 
the trade-offs associated to androgen allo-
cation to eggs across the breeding season. 
We hypothesized that a seasonal decline 
in yolk androgen allocation (López-Rull et 
al., 2010; Vergauwen et al., 2012) could 
be due to possible detrimental effects on 
the nestlings of the second brood. The 
outcome of the androgen-mediated trade-
off between offspring development and 
immunocompetence is expected to depend 
on environmental circumstances such as 
food availability (reviewed in Smiseth et 
al., 2011; Royle et al., 2001; Sockman et 
al., 2006), ectoparasite load (Tschirren et 
al., 2004, but see Müller et al., 2007, 
López-Rull et al., 2010), and perhaps cli-
matic conditions during breeding (Wing-
field, 2003). Based on the context-
dependence of early maternal effects 
(Krist et al., 2015), we predicted that an-
drogen treatment (compared to control 
treatment) would have a positive effect on 
chick growth and less immunosuppressive 
side-effects during the first brood, because 
of more suitable breeding conditions that 
would balance energy requirements 
(Monaghan, 2008; Ilyina et al., 2013). In 
contrast, during the second brood, charac-
terized in our study site by low precipita-
tions that dramatically reduce prey abun-
dance (Turner, 1983), increased nest ecto-
parasite abundance (López-Rull et al., 
2010) and high thermal stress for nestlings 
(Salaberria et al., 2014), we would expect 
that the costs of increased yolk androgens 
would overcome their benefits for nest-
lings. 
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Figure 17. Pictures of the study area showing the remarkable contrast of environmental 
breeding conditions between first and second broods. Picture credit: Jaime Muriel.
Material and Methods 
Study area and species 
This study was conducted between April 
and June 2011 in a nest-box population of 
spotless starlings (Sturnus unicolor) locat-
ed in central Spain (Soto del Real, Ma-
drid). The study area is covered by a 
woodland of oak (Quercus pyrenaica) and 
ash (Fraxinus angustifolius) with abun-
dant open areas used by grazing cattle. It 
exhibits a Continental Mediterranean cli-
mate (Köppen-Geiger climate classifica-
tion: Csb category (reviewed in Peel et al., 
2007) with hot and dry summers. The 
spotless starling is a facultative polygy-
nous passerine that breeds in tree holes 
and artificial cavities (Moreno et al., 
1999; Veiga, 2002), showing high breed-
ing synchrony. Modal clutch size is five 
eggs (López-Rull et al., 2007), and fledg-
lings leave the nest around 22 d of age 
(Cramp, 1998). Generally, females invest 
more than males in rearing the brood 
(Jimeno et al., 2014), although paternal 
care varies widely (Moreno et al., 1999). 
In our study area, most spotless starling 
pairs rear two broods. The first one be-
tween mid-April and the beginning of 
May, and the second one at the end of 
May (Salaberria et al., 2014), investing 
more resources in early than in late 
clutches (López-Rull et al., 2010). When 
the first breeding attempt is truncated due 
to sabotage by conspecifics or predation, 
they lay a replacement clutch (Müller et 
al., 2007b). In our study area, food availa-
bility and offspring quality decreases as 
the season advances (i.e. from first to sec-
ond broods, see Salaberria et al., 2014; 
López-Rull et al., 2010; Fig. 17). The dai-
ly average maximum temperature and 
precipitation (mean ± SE) recorded per 
each breeding attempt for the year of 
study were 18.71 ± 0.63 °C and 3.32 ± 
0.48 l/m2 for the first brood, 18.95 ± 0.58 
°C and 4.54 ± 0.46 l/m2 for replacement 
broods; and 25.14 ± 0.68 °C and 1.59 ± 
0.63 l/m2 for the second brood (Data pro-
vided by the Spanish Meteorological 
Agency (AEMET); Fig. 18). 
Field procedure and egg injections 
From early April onwards, nest-boxes 
were inspected daily to determine laying 
date and laying order. Eggs were marked 
with a non-toxic waterproof marker as 
they were laid and measurements of 
length and width were taken with digital 
callipers (Mitutoyo Absolute, Japan, pre-
cision = 0.01 mm). Egg volume (mm3) 
was calculated by the formula: 0.45 x 
length x width2 (Worth, 1940). For the 
analyses, we consider average volume per 
clutch, because we could not assign indi-
vidual chicks to the specific egg they 
hatched from. 
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Figure 18. Mean maximum temperature and precipitation recorded per each breeding 
attempt for 2011 in Soto del Real, Madrid. 
Although yolk A4 and yolk T may exert 
different biological effects (Hegyi et al., 
2011; Muriel et al., 2013, Tschirren et al., 
2014), androgen-manipulation was done 
by combining both hormones since they 
appear together in the yolk (Schwabl, 
1993), and are positively correlated 
among them (Groothuis and Schwabl, 
2002; Gil et al., 2004; Ruuskanen et al., 
2009). Based on results obtained in a pre-
vious dose-response study in the same 
study population (Muriel et al., 2015), we 
selected a dose of the mixture of yolk an-
drogens corresponding to 4 standard devi-
ations of the mean amount found in eggs 
in this population in an overall breeding 
season (testosterone: 14 ng/yolk [SD = 
6.0], androstenedione: 50 ng/yolk [SD = 
17.1]; Gil D., unpublished data), adjusted 
for mean yolk mass (average yolk mass 
1.4 g). The maximum concentrations of 
yolk-T and yolk-A4 that we have meas-
ured in this population are 25.9 and 
141.76 pg/mg yolk, respectively (Müller 
et al., 2007). According to mean yolk 
mass, this translates to maxima of 36.3 ng 
T and 198.4 ng A4 per yolk, so that 4 SD 
injections result in total androgen concen-
trations equal (for T) or below (for A4) 
the maximum levels found in our popula-
tion. We chose this concentration because 
this dose was found in a previous study to 
induce maximum stimulatory effect on 
hatching nestling body mass and skeletal 
growth (Muriel et al., 2015). Injections 
began when the fourth egg was found in 
the nest, before embryonic development 
was triggered by the start of parental in-
cubation. Subsequently laid eggs were 
injected the same day they were laid. 
Clutches were randomly injected with 
control or androgen injections. The mix-
ture of hormones (24 ng T (ref. 86500, 
Sigma-Aldrich, Steinheim, Germany) + 68 
ng A4 (ref. A9630, Sigma Aldrich) was 
dissolved in 10 μl of sesame oil (ref. 
85067, Sigma-Aldrich). Eggs in control 
clutches received 10 μl of sesame oil 
alone. In ovo injections were performed in 
the field using a standard U-50 insulin 
syringe (Terumo Corporation, Tokyo, 
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Japan), following a standard protocol 
(Muriel et al., 2013, Muriel et al., 2015). 
The experiment was carried out in 
464 clutches, but 62 of them did not pro-
duce any hatchlings because of predation 
(6.25%), clutch sabotage by conspecifics 
(62.5%) or abandonments (31.25%). The 
reason for this unusually large sample size 
is that this experimental setup is part of 
large scale study where we will explore 
the long term effects of our manipulation 
at the adult stage. The final number of 
control/androgen clutches per breeding 
attempt was 90/99 in first, 38/36 in re-
placement and 62/78 in second broods. 
We recorded the hatching success of 33 
uninjected clutches in order to compare 
the effect of our injection protocol per se 
on egg hatchability with the natural levels 
in our population. As found in previous 
studies (Pilz et al., 2004 (35%); Müller et 
al., 2007b (30%); Pitala et al., 2009 
(32.85%); see results), egg injections led 
to a certain level of hatching failure, 
whereby brood size was reduced in some 
nests. In order to reach the modal brood 
size in our population (mean ± SD = 4.72 
± 0.57) and to avoid an unusually low 
level of sibling competition, we performed 
a post-hatch brood amalgamation of those 
broods in which only one to three chicks 
had hatched (163 C and 167 treated out of 
977 chicks were moved from their original 
nests). This was conducted at the age of 3 
days. Amalgamated broods were per-
formed trying to minimize the genetic 
variation of the final brood, pooling 
broods of the same treatment and age and 
composed by nestlings of similar size 
(Muriel et al., 2015). Finally, we were 
able to include in the development analy-
sis data from 977 chicks (259 C and 286 
treated in first, 85 C and 76 treated in re-
placement and finally 114 C and 157 
treated chicks in second broods).  
Nestling measurements and sampling 
Broods were visited daily from the 10th 
day after the last egg was laid in order to 
check hatching time. We recorded hatch-
ing success and computed incubation time 
or embryonic development period (EDP) 
as the elapsed time (days ± 4 hours) from 
start of incubation (fourth egg laid) until 
hatching. Nestlings were measured on day 
14 post-hatching. At this age, we recorded 
body mass with a digital balance (Ohaus 
Scout II SC2020, China, precision = 0.1 
g), gape width (recorded as the maximum 
width comprising the beak flanges) and 
tarsus length with digital callipers (Mi-
tutoyo Absolute, Japan, accuracy = 0.01 
mm). An index of body condition was 
estimated using the residuals from a re-
gression of body mass on tarsus length 
(Schulte-Hostedde et al., 2005). At this 
time, all chicks were ringed with num-
bered aluminum bands and a blood sample 
was collected by puncture of the brachial 
vein for molecular sexing (Griffiths et al., 
1998). In a random sample of 53 and 41 
chicks from first and second broods re-
spectively, 600 µl of blood was collected 
from the jugular vein with heparinized 
syringes for immunological tests. Also, in 
a subset of those chicks (21 from first and 
32 from the second brood), a faecal sam-
ple was collected for Ig-A analyses. Blood 
and faecal samples were transported im-
mediately to the lab in cooled containers 
(approx. 4°C) to conduct immune meas-
urements (see below and Supporting In-
formation). No additional biometric 
measures were taken from day 14 onwards 
because of the high risk of premature 
fledging that would result from handling 
the birds.  
Immunological tests 
Blood differential counts: This assay was 
performed with 82 blood smears (28 con-
trol plus 20 experimental chicks from first 
brood and 11 control plus 23 experimental 
chicks from second brood). On arrival to 
the lab, blood samples were gently but 
thoroughly mixed to obtain a uniform dis-
tribution of blood cells. We obtained 
blood smears that were fixed by 3 minutes 
immersion in methanol, air-dried and 
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stained with commercial Giemsa diluted 
with PBS pH 6,8 (1:2). Slides were exam-
ined under microscope (1,000x magnifica-
tion with oil immersion) to estimate the 
proportion of different types of leukocytes 
(Campbell and Ellis, 2007). Examination 
continued until 100-120 leukocytes had 
been found per slide (Salaberria et al., 
2013). We measured the number and pro-
portion of leukocytes since these are part 
of the primary line of defense of the innate 
immune system (Dhabhar et al., 1995; 
Müller et al., 2011), whose deviation from 
a normal range could indicate infectious 
processes. We also calculated the hetero-
phil:lymphocyte ratio (H/L), since in-
creasing H/L ratios are associated with a 
higher physiological stress in birds (Gross 
and Siegel, 1983; Maxwell and Robertson, 
1998). 
Lymphocyte proliferation: Our lympho-
cyte proliferation assay measured the abil-
ity of lymphocytes placed in short-term 
tissue culture to undergo a clonal prolifer-
ation when stimulated in vitro by phyto-
hemagglutinin (PHA). Higher levels of 
proliferation are associated with a better 
acquired T-cell mediated immune re-
sponse. This allowed an evaluation of the 
functional capabilities of T cells (Talebi et 
al., 1995), whose proliferation and differ-
entiation also involves IL-6 levels (Holsti 
and Raulet, 1989; Croft and Swain, 1991; 
Zhang et al., 2000). For the analysis of 
this parameter, blood was kept on ice and 
taken to the lab for differential separation 
of white blood cells and measurement of 
lymphocyte T proliferation of cells ex-
posed to PHA by means of the Alamar-
Blue® technique. Plates were incubated at 
38ºC for 72 hours, measuring absorbance 
at 0, 24, 48 and 72 hours. The intra-assay 
variation coefficient was 4.80% (see Sup-
porting Information for details of the 
technique).  
Plasma IL-6 concentration: This pro-
inflammatory cytokine exhibits a wide 
range of functions in the regulation of 
innate immunity and the inflammatory 
response, directing leukocyte movement 
and stimulating haematopoiesis (reviewed 
in Zimmerman et al., 2014; Heinrich et 
al., 2003; Kishimoto, 2005). A high IL-6 
level can be associated with increased 
susceptibility to infections. We developed 
an indirect ELISA for chicken IL-6, using 
rabbit IgG anti-chicken IL-6 as primary 
antibody and goat IgG anti-rabbit IgG 
conjugated with horseradish peroxidase as 
secondary antibody. The intra-assay varia-
tion coefficient was 6.79% and the inter-
assay was 11.56% (see Supporting Infor-
mation for details of the technique).  
Faecal sampling and immunological test: 
Secretory immunoglobulin-A (Ig-A) plays 
an important role in protecting against 
infection in the intestinal immune system 
(Davis et al., 1978), where high Ig-A lev-
els could be correlated with a primary or 
secondary infection. Thus, we measured 
Ig-A levels in faeces to obtain a measure 
of humoral immune condition (Snoeck et 
al., 2006). The method used for extraction 
and depuration of faecal immunoglobulin 
was adapted from that used by Peters et 
al. (2004). Subsequently, Ig-A level was 
quantified with an ELISA kit developed 
for chicken Ig-A (Bethyl Lab). Coeffi-
cients of intra and inter-assay were 3.69% 
and 1.85%, respectively (see Supporting 
Information for details of the technique).  
Statistical Analysis 
For each breeding attempt, differences in 
hatching success (number of hatch-
ings/clutch size) and nestling survival 
(number of chicks on day 14 posthatch/ 
hatchings) between experimental groups 
were analysed using chi-square tests (χ2) 
with the software STATISTICA v7.0 
(StatSoft Inc., Tulsa, OK, 214 USA). Data 
from 33 uninjected clutches were not in-
cluded in statistical analyses, except to 
compare the natural hatching success. The 
remaining analyses were conducted with 
SAS 9.2 (SAS Institute Inc., Cary, NC, 
USA). Morphometric variables, body 
condition, EDP and immunological pa-
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rameters were analysed using mixed mod-
els (SAS, Proc Mixed, normal distribu-
tion), in which nest of origin was defined 
as random effect affecting model inter-
cept. The following variables were includ-
ed in the main model: treatment, sex, 
breeding attempt, egg volume, laying or-
der, brood size and EDP (except when 
EDP was the dependent variable). Treat-
ment (control vs treated), Sex (male vs 
female) and breeding attempt (first, re-
placement, second brood) were considered 
as categorical variables. In the analysis of 
gape width, we controlled for nestling size 
by including tarsus length as a covariate. 
We also included the person who took the 
morphometric measurements and the day 
on which immunological assays were per-
formed as factors in the models for these 
response variables. Arcsine square-root 
and logarithmic transformations were ap-
plied to leukocyte proportions and H/L 
ratios, respectively. All biologically mean-
ingful double and triple interactions were 
also included in the main models. Values 
represented are means ± SE. Starting from 
the saturated model, a backward stepwise 
procedure was used to remove terms with 
P > 0.05. The normality assumption was 
confirmed by checking the residuals of the 
models. To inspect differences between 
androgen treatment and breeding attempts 
on the biological variables commented 
above, we performed Fisher’s least signif-
icant difference (LSD) post hoc test from 
the final models (see Table S6 and Table 
S7 in the Supporting Information). 
Results 
Embryonic development and offspring 
survival  
The overall hatching failure in first, re-
placement and second broods was 
31.66%, 43.50% and 47.41% respectively, 
based on 1950 eggs. We found no signifi-
cant differences in hatching success be-
tween control and androgen-injected eggs 
across the different reproductive attempts 
(1st: χ2 = 0.15, d.f. = 1, P = 0.695; Re-
placement: χ2 = 0.07, d.f. = 1, P = 0.784; 
2nd brood: χ2 = 0.01, d.f. = 1, P = 0.896). 
However, overall hatching success of con-
trol eggs was significantly lower than that 
of non-injected clutches (χ2 = 11.92, d.f. = 
1, P < 0.001). This suggests that increased 
hatching failure of injected eggs is the 
result of eggshell drilling, rather than yolk 
androgen manipulation. Overall nestling 
survival in first, replacement and second 
broods was 91.49%, 81.90% and 80.94% 
respectively. In first broods, nestling sur-
vival was not affected by treatment (χ2 = 
1.78, d.f. = 1, P = 0.181). However, there 
was a marginal effect of treatment in re-
placement broods (χ2 = 3.44, d.f. = 1, P = 
0.063), that turned significant in second 
broods (χ2 = 6.57, d.f. = 1, P = 0.010). In 
both cases, chicks hatched from androgen 
injected eggs had a higher mortality dur-
ing the first 14 days posthatch than con-
trols.  
EDP was negatively affected by 
both average egg volume (Table 8, esti-
mate ± SE = -0.009 ± 0.001) and clutch 
size (Table 8, estimate ± SE = -0.145 ± 
0.023), so that EDP was shorter for chicks 
hatched from larger eggs laid in larger 
clutches. EDP was also significantly af-
fected by treatment, but this effect was 
different for each breeding attempt (Table 
8, treatment × breeding attempt interac-
tion): nestlings hatching from the andro-
gen treated eggs showed shorter EDPs 
than controls in first and replacement 
clutches, but no difference was found in 
second broods (see Fig. 19 and Supporting 
Table S6). 
Nestling development 
Nestling body condition at day 14 was 
dramatically affected by the breeding at-
tempt (F2,817 = 245.00, P < 0.001), as it 
decreased as the breeding season ad-
vanced (Fig. 20a and Supporting Table 
S6). We did not detect an effect of andro-
gen treatment on condition, either alone 
(F1,664 = 0.32, P = 0.573) or in interaction 
with breeding attempt (F2,511 = 1.49, 
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Table 8. Summary of final repeated-measures mixed models showing the effect of yolk 
androgen treatment on embryo development period (EDP) and nestling development 
(tarsus length, body condition and gape width) on day 14 posthatch. Models were run 
using Proc Mixed (SAS) with Satterthwaite correction to adjust the degrees of freedom. 
 EDP Tarsus length Body condition Gape width 
Independent  
variable d.f. F P d.f. F P d.f. F P d.f. F P 
Treat 1,922 21.20 <0.001 1,538 6.61 0.010 ─ ─ ─ 1,889 2.72 0.089 
Breeding attempt 2,897 0.02 0.977 2,914 7.81 <0.001 2,817 245.00 <0.001 2,812 8.95 <0.001 
Treat × Breeding 
attempt 2,876 6.29 0.002 2,377 7.65 <0.001 ─ ─ ─ ─ ─ ─ 
Sex ─ ─ ─ 1,914 9.01 0.003 1,890 4.21 0.040 1,870 74.64 <0.001 
Egg volume 1,810 34.09 <0.001 1,281 3.71 0.055 ─ ─ ─ 1,408 18.96 <0.001 
Clutch size 1,929 39.29 <0.001 ─ ─ ─ ─ ─ ─ ─ ─ ─ 
Brood size ─ ─ ─ ─ ─ ─ 1,778 14.97 <0.001 ─ ─ ─ 
EDP . . . 1,459 22.17 <.0001 ─ ─ ─ ─ ─ ─ 
Measurer ─ ─ ─ 1,248 6.86 0.009 ─ ─ ─ ─ ─ ─ 
 
P = 0.226). Overall condition was better 
in males than in females (Table 8; esti-
mate ± SE (males) = 0.097 ± 0.047), and it 
was worse as brood size increased (Table 
8; estimate ± SE = -0.163 ± 0.042). 
Structural body size, as measured by 
tarsus length, also showed an interaction 
effect between treatment and breeding 
attempt (Table 8): experimental and con-
trol chicks had similar tarsus lengths re-
gardless of attempt and treatment, but 
controls from replacement broods had 
shorter tarsi than the rest (Fig. 20b and 
Supporting Table S6). Consistently with 
the sexual dimorphism of this species, 
males had longer tarsi than females (Table 
8). 
Gape width was marginally influ-
enced by treatment (Table 8; estimate ± 
SE (control) = -0.114 ± 0.070) and signif-
icantly affected by breeding attempt (Ta-
ble 8, estimate ± SE (1st) = 0.303 ± 0.072, 
estimate ± SE (replacement) = 0.178 ± 
0.121). Chicks hatched from androgen 
treated eggs showed a trend to exhibit 
wider gapes than controls, and this trait 
was reduced as breeding season pro-
gressed. On average, and controlling for 
sexual dimorphism in body size, males 
had wider gapes than females (Table 8, 
estimate ± SE (males) = 0.507 ± 0.059). 
Interestingly, even though gape width was 
measured fourteen days after hatching, we 
observed a positive effect of egg volume 
on the development of this trait (Table 8; 
estimate ± SE = 0.012 ± 0.003). 
Nestling Immunity 
Differential WBC Counts: Neither per-
centages of the different leukocyte types 
(heterophils, eosinophils, basophils, lym-
phocytes or monocytes) nor H/L ratio 
were affected by androgen treatment, 
breeding attempt or the interaction be-
tween these two variables (all P > 0.143). 
Percentage of basophils covaried positive-
ly with the body weight of the chick  
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Fig. 19. Differences in Embryonic Development Period (EDP) shown as residuals from 
the final model, according to the treatment and breeding attempt (white bars: control 
and blackbars: androgen treated). Different letters above bars indicate significant (P ≤ 
0.05) differences between treatment groups based on Fisher’s post hoc comparisons 
(F1,67 = 4.27, P = 0.042, estimate ± SE = 
0.0008 ± 0.0004).  
Interleukin-6 (IL-6) and lymphocyte pro-
liferation: IL-6 plasma concentration in 
chicks hatching from androgen injected 
eggs was marginally higher than that from 
control chicks (F1,33.9 = 3.93, P = 0.056, 
estimate ± SE (control) = -1.011 ± 0.510), 
irrespective of breeding attempt (F1,39.5 = 
0.29, P = 0.59). IL-6 levels were negative-
ly related to body weight (F1,56.7 = 4.15, P 
= 0.046, estimate ± SE = -0.072 ± 0.035). 
Lymphocyte proliferation, expressed 
as proliferation per se (see Supplemental 
Information), at 48 hours of incubation 
was affected by the interaction between 
treatment and the breeding attempt (F1,72 
= 4.54, P = 0.036), after controlling for 
day of the assay (F7,72 = 3.97, P = 0.001): 
nestlings hatching from androgen treated 
eggs in first broods showed higher lym-
phocyte proliferation than controls, 
whereas no significant differences were 
found in second broods (see in Fig. 21 and 
Supporting Table S7). Lymphocyte prolif-
eration at 72 hours of incubation showed 
very similar patterns (data not shown).  
Immunoglobulin A (IgA): Faeces pro-
duced by nestlings hatching from andro-
gen-injected eggs showed higher IgA lev-
els than controls, although this effect was 
only marginally significant (F1,25.9 = 4.10, 
P = 0.053, estimate ± SE (control) = -
0.248 ± 0.123). However, IgA levels did 
not vary with breeding attempt (F1,38.3 = 
0.37, P = 0.548) or with the interaction 
with treatment (F1,24.4 = 0.38, P = 0.542). 
Discussion 
We investigated how the effects of yolk 
androgens on developmental and immuno-
logical traits in spotless starling chicks 
changed depending on the breeding at 
tempt, as the environmental conditions 
become harsher (Salaberria et al., 2014) 
and parental energetic reserves are gradu-
ally reduced (Stouffer, 1991; Verhulst and 
Tinbergen, 1991; Wiggins et al., 1994; 
Styrsky et al., 1999; Reed and Clark, 
2011). Our results supported context-
dependent effects of yolk androgens on 
early development, survival and cell-
mediated adaptive immunity. 
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Fig. 20. Differences in nestling body condition (a) and tarsus length (b) shown as resid-
uals from final statistical models, according to the treatment and breeding attempt 
(white bars: control and black bars: androgen treated). Different letters above bars indi-
cate significant (P ≤ 0.05) differences between treatment groups based on Fisher’s post 
hoc comparisons. 
 
Fig. 21. Differences in nestling lymphocyte proliferation shown as residuals from final 
statistical models, according to the treatment between the first and the second brood 
(white bars: control and black bars: androgen treated). Different letters above bars indi-
cate significant (P ≤ 0.05) differences between treatment groups based on Fisher’s post 
hoc comparisons 
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Offspring development and survival 
In first broods, yolk androgen injections 
significantly affected the EDP, accelerat-
ing embryonic development and reducing 
hatching time (Eising et al., 2001; Eising 
and Groothuis, 2003; Muriel et al., 2015), 
while no effects on nestling body size 
(Tobler et al., 2007a) or survival on day 
14 posthatch were found (Pilz et al., 2004; 
von Engelhardt et al., 2006; Pitala et al., 
2009; Muriel et al., 2015). This reduction 
in hatching time could be a consequence 
of a stimulatory effect of androgens on the 
hatching muscle (musculus complexus) 
(Lipar and Ketterson, 2000; but see Lipar, 
2001), which could help the chick break 
the eggshell during hatching. 
By contrast, in second broods, an-
drogen treatment led to an increase in nes-
tling mortality (Sockman and Schwabl, 
2000; but see Schwabl et al., 2011), with 
no effects on embryo or nestling devel-
opment (Sockman and Schwabl, 2000 and 
Tobler et al., 2007a; respectively). This 
increase in mortality until fledging con-
trasts with previous studies showing that 
yolk androgens often lead to higher sur-
vival (Eising and Groothuis, 2003; Pilz et 
al., 2004; von Engelhardt et al., 2006; 
Müller et al., 2007b). Therefore, our re-
sults suggest that, in a context in which 
late breeding conditions are harsher than 
early conditions (Ilyina et al., 2013) and 
chicks are in low body condition (Hõrak 
et al., 1999; Serra et al., 2012; but see Pilz 
et al., 2004), decreased survival of exper-
imental chicks may be explained by a 
greater susceptibility of these nestlings to 
disease (Folstad and Karter, 1992; Bu-
chanan et al., 2003; Roberts et al., 2004; 
Navara et al., 2005; but see Evans et al., 
2000; Navara et al., 2006). 
In replacement broods, androgen 
treatment triggered an accelerated embry-
onic development, which also resulted in 
chicks from androgen-treated eggs attain-
ing larger body sizes than controls, but 
with no significant effects on survival. 
This stimulating effect of androgens on 
growth rate or body size was consistent 
with many previous studies (Eising et al., 
2001; Navara et al., 2006; Schwabl, 
1996a; Tschirren et al., 2005; Eising and 
Groothuis, 2003; Müller et al., 2007b) . 
This particularly strong effect of androgen 
on the embryonic period in this breeding 
attempt may have also conferred these 
nestlings a competitive advantage, allow-
ing them to reach a larger size than con-
trols by the end of the nestling phase (Fig. 
20b). This is consistent with a previous 
study (Muriel et al. 2015) showing that 
chicks hatched from eggs injected with the 
same androgen dose as here had greater 
size than controls. Females laying a re-
placement clutch may have suffered re-
source limitations from their double lay-
ing effort (Bolton et al., 1992; Hipfner et 
al., 1999; Gasparini et al., 2006; but see 
Gasparini et al., 2007), so it is possible 
that yolk androgen injection may have 
compensated to some extent this con-
straint, bolstering nestling development of 
experimental clutches. 
In general, hatching success de-
creased as the breeding season progressed, 
without differences between experimental 
groups as reported by other authors 
(Schwabl, 1996a; Hegyi and Schwabl, 
2010; Müller et al., 2010; Muriel et al., 
2015; but see Navara et al., 2005). Simi-
larly, nestling survival on day 14 was 
lower in late than in early broods, suggest-
ing that environmental conditions experi-
enced during late clutches may be detri-
mental for fledglings. Despite the effect 
found in body size, nestling body condi-
tion was not affected by the treatment or 
its interaction with breeding attempt, alt-
hough it decreased over the breeding sea-
son. As expected, and regardless of the 
breeding attempt, chicks that shared their 
nests with more siblings showed poorer 
body condition, likely because of in-
creased nestling competition for the lim-
ited resources provided by the parents. 
Also, gapes were significantly wider in 
chicks hatching from first clutches, per-
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haps because natural androgen concentra-
tion are higher in these first clutches 
(López-Rull et al., 2010), and androgens 
exert a positive effect on this trait (Müller 
et al., 2007b; Muriel et al., 2015). Conse-
quently, we found that androgen treated 
chicks had a tendency to show wider 
gapes than controls, although these differ-
ences were non-significantly different. 
This is possibly due to the low function-
ality of gapes at day 14, when this trait 
was measured, as gapes play a major role 
during begging at earlier ages (Gil et al., 
2008; Wiebe and Slagsvold, 2012). 
Nestling Immunity 
According to life-history theory, since 
reproduction and body maintenance are 
costly activities, there is an optimal allo-
cation of limited resources among the dif-
ferent organism functions (Stearns, 1992). 
Since androgens can increase nestling 
growth (Schwabl, 1996a; Eising et al., 
2001), one might expect androgen injec-
tions to entail an imbalance of the trade-
off between growth and the immune re-
sponse (reviewed in Sheldon and Ver-
hulst, 1996; Demas, 2004; Saino et al., 
1998; Soler et al., 2003), where major 
nutritional and energetic demands could 
be associated with a higher growth at the 
expense of immunocompetence (Brzęk 
and Konarzewski, 2007).  
Even though IL-6 and Ig-A levels 
did not change between breeding attempts, 
they were marginally increased by the 
androgen treatment. Recently it has been 
shown that taking the parasite community 
into account is essential for the proper 
interpretation of immune indices (Biard et 
al., 2015). Bearing this in mind, a likely 
explanation for this result is that the sup-
pression of the first line of defences by 
androgens could increase susceptibility to 
pathogens or parasites, leading to a subse-
quent activation of these immunological 
variables. Il-6 is a protein required for the 
activation of the immune system (Rose-
John, 2012), and is considered a main 
inflammatory marker (Kishimoto, 2005; 
Raman et al., 2013). It is assumed that 
mounting an immune response has ener-
getic and/or nutrient costs which may in-
terfere with metabolic processes (Demas 
et al., 1997), resulting in a possible loss of 
body weight. In this scenario, it makes 
sense that heavier chicks presented lower 
levels of IL-6 as observed in our study. 
On the other hand, the similar tendency 
for increased IgA levels observed in the 
faeces of androgen-chicks could be due to 
increased levels of IL-6 (Beagley et al., 
1989; Ramsay et al., 1994), since this pro-
inflammatory cytokine could induce a 
higher IgA production by B cell from 
Peyer's patches (Beagley et al., 1989). 
Accordingly, our data would suggest that 
an inflammatory process is taking place in 
chicks hatched from androgen-treated 
eggs, with both innate and adaptive pro-
cesses working at higher rates than in con-
trol chicks.  
Regarding cell-mediated adaptive 
immunity, we found higher lymphocyte 
proliferation in androgen-chicks than in 
controls in first broods, but an opposite 
trend in second broods. This pattern could 
be responsible, in part, for the lower nestl-
ing survival observed in this breeding at-
tempt. This contrasted pattern of first vs. 
second broods could be attributed to dif-
ferences in food availability, as it is 
known that nutrient availability may me-
diate the costs of immune defence (Norris 
and Evans, 2000; Zuk and Stoehr, 2002). 
The fact that proliferation was higher in 
first clutches (but see Merino et al., 2000), 
when breeding conditions were the most 
suitable (reviewed in Lindén and Møller, 
1989; Styrsky et al., 1999; Serra et al., 
2012; Salaberria et al., 2014), is in agree-
ment with this context-dependent effect of 
androgens (Sockman et al., 2006; Ver-
boven et al., 2003), which could be bene-
ficial when plenty nutritional resources 
were available, but detrimental when food 
was scarce (reviewed in Smiseth et al., 
2011). Not only differences in overall 
food quantity and quality across the breed-
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ing season, but also the differential expo-
sure to parasites and pathogens of first and 
second broods (López-Rull et al., 2010) 
could explain the contrasted effects on 
cell-mediated immunity detected (de Lope 
et al., 1998; Biard et al., 2015; López-
Arrabé et al., 2015). Finally, this context 
dependent effect of androgens on immuni-
ty would also help to explain the contro-
versial results obtained when addressing 
the immunocompetence handicap hypoth-
esis (Owen-Ashley et al., 2004, Roberts et 
al. 2004, Navara et al., 2006, Alonso-
Alvarez et al., 2009). Although in our 
study differences in growth were only 
significant in the replacement brood on 
day 14 post-hatch, we have shown before 
that these effects are stronger at earlier 
developmental stages, and it is therefore 
possible that we may have missed it in 
first and second broods at an earlier age 
(Muriel et al., 2015). 
In summary, we found evidence that 
the effect of yolk androgens both on pre- 
and post-hatching development and im-
mune function is context-dependent. Our 
results also showed a negative effect of 
increased androgen levels on the nestling 
survival in second clutches, but not in first 
or replacement clutches. Taken together, 
our findings could explain, from an adap-
tive perspective, how prenatal environ-
mental factors, such as food availability or 
ectoparasite load may act as maternal cues 
to adjust the yolk androgen levels to each 
breeding context (Gil et al., 2006; Tobler 
et al., 2007b; López-Rull et al., 2010) in 
order to maximize offspring fitness 
(Mousseau and Fox, 1998). Considering 
this context-dependent effect of androgens 
on nestling development could improve 
our understanding of how mothers cope 
with variable environments when seeking 
for optimal hormone-mediated maternal 
effects. 
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Appendix S2. Supplementary Methods. 
Blood cell isolation and immune tests 
White blood cell isolation. Blood was centrifuged at 3000 rpm and 4ºC for 5 minutes, 
just enough to allow partial plasma recovery without forming a compact pellet. Plasma 
was stored at -20ºC until IL-6 analysis and cells were immediately processed for WBC 
isolation. The isolation procedure was based in procedures already described (Strain and 
Matsumoto, 1991; Finkelstein et al., 2003; Gil and Culver, 2011). Briefly, blood was 
diluted (1:1) in Roswell Park Memorial Institute 1640 medium with hepes (RPMI, 
Sigma, St. Louis, MO) containing 1% bovine serum albumin (BSA, Sigma, St. Louis, 
MO), and penicillin-streptomycin −neomycin (200 U – 0.2 mg - 0.4 mg/ml, 
respectively, Sigma, St. Louis, MO) and mixed gently (this mixture will be referred to 
as RPMI+). This mixture was set above an equal volume of a double layer of 
Histopaque gradient (Sigma, St. Louis, MO): HP 1.119:HP 1.077, and centrifuged at 
700g during 30 minutes. The layer above HP 1.077 containing the lymphocytes was 
collected and transferred to a clean tube with 400 µl RPMI+ and centrifuged at 250g for 
12 min. The supernatant was aspirated and the cells resuspended in 400 µl RPMI+, and 
thoroughly mixed to avoid cell aggregates. The final pellet was gently resuspended in 
200 µl RPMI+. We counted the number of alive lymphocytes in a 15 µl aliquot mixed 
with 5 µl tripan blue in a counting chamber. We used this figure to finally dilute the 
homogenate to a final concentration of 105 lymphocytes per 100 µl .  
Lymphocyte T proliferation. Lymphocyte T proliferation was measured in flat-bottom 
96-well plates (Nunc, Roskilde, Denmark). Two duplicates per sample of the 200 µl of 
lymphocyte suspension (containing 105 lymphocytes per 100µl) were incubated with 20 
µl of AlamarBlue® (AbD Serotec). This dye indicates the oxidation-reduction state of 
the medium, measuring both the intensity and velocity of the proliferation process. One 
of the two duplicates (experimental) received 20 µl of a PBS solution containing 50 µg 
of phytohemaglutinin (PHA) (Sigma, L8902), and the other well (control) received a 
similar volume of PBS. Plates were incubated at 38ºC during 72 hours, and we read 
absorbances at 0, 24, 48 and 72h of the process. Readings were done in a plate reader at 
both 570 and 600 nm and calculations performed following the instructions from the 
commercial kit after adjusting to our species. 
To adjust the AlamarBlue procedure to our species, calculations were done 
considering the molar extinction coefficients of the reduced and oxidized form of 
AlamarBlue at the two wavelengths recommended in the in the commercial kit insert. 
Lymphocyte proliferation was calculated in two ways, as proliferation per se, this is, the 
reduction obtained once the reduction of the respective negative controls had been 
discounted, and as velocity of proliferation, this is, the percentage of reduction of the 
experimental wells compared with the respective positive controls (see commercial 
insert for formulae). Since results were very similar between these two types of 
measurement, we chose to use the more commonly used proliferation estimate. The 
above conditions were decided after assaying different plating densities (ranging from 
10000 to 1000 cells per 100 µl) at different incubation times (24, 48 and 72h) with 
spotless starling blood. Proliferation increased with incubation time (Fig. S1), although 
between 48 and 72 hours the increase was smaller, with some cells starting to decline at 
72, and thus we chose to use 48 hours as our standard point (correlation between 48 and 
72 hour scores: r = 0.930, N = 96, P < 0.001). 
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Fig. S1. Mean (±1 SE) lymphocyte proliferation as measured by the AlamarBlue tech-
nique at different time intervals since incubation: 0, 24, 48 and 72 hours. 
 
Plasma IL-6 concentration and validation procedure. We developed an indirect ELISA 
using chicken IL-6 as antigen (Mybiosource, MBS 232222), a rabbit IgG anti-chicken 
IL-6 as primary antibody (MybioSource, MBS 220073) and goat IgG anti-rabbit IgG 
conjugated with horseradish peroxidase as secondary antibody (MybioSource, MBS 
235191). Wells in a 96-well plate were covered with 100 µl of either standard solutions 
or plasma samples and left 2 hours at room temperature. Wells contents were aspirated 
and washed 5 times with 200 µl of Tris-buffer-saline containing 0.05% Tween 20, 
(TBST) pH 8.O (Sigma C3041). Inespecific binding sites were blocked with 200 µl 
ELISA SYMBLOCK (AbD Serotec BUF034A) for 1 h at room temperature. Wells 
contents were then aspirated and washed 5 times with 200 µl of TBST. Both standards 
and samples received 100 µl of a 5 µg/ml solution of primary antibody, left overnight at 
4ºC and washed 5 times with 200 µl of TBST. Identical procedure was followed for the 
secondary antibody which was diluted 1:10000 in TBST with 1% albumin. After 
washing, 100 µl de TMB (Sigma Aldrich, Sigma T0440), were added to every well, and 
the plate was then incubated in darkness for 15-30 min and the reaction stopped by 
adding 100 µl 2M H2SO4 to every well. Absorbance at 450 nm was read in the next 30 
min in a plate reader. Eight solutions containing 0.125-0.250-0.5-1-2-4-6-8 in HISPEC 
assay diluent (AbD Serotec BUF049A) were used as standard solutions. These 
conditions were chosen after tritiation experiments using 0.125-10 µg/ml as antigen 
solutions, 1-5 µg/ml as primary antibody solutions and 1.10000-1:50000 solution of the 
secondary antibody. The intra-assay variation coefficient was 6.79% and the inter-assay 
was 11.56%.  
Fecal sampling and immunological test 
IgA extraction from feces. Chicks usually defecate when manipulated for morphometric 
measurements and blood collection. We collected the whole fecal pellet in cold 
containers that were transported to the lab in 2-4 hours after delivery and conserved at -
20ºC until analysis. After been taken from the freezer, they were cleaned with filter 
paper (the main part of the pellet of uric acid was removed) and exposed to 30-35ºC 
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until weight was constant. The following steps used for extraction of fecal 
immunoglobulin were adapted from that used by Peters et al. 2004. Samples were 
weighed and grounded with a mortar, and TBST (Tween buffer saline with 0.5% Tween 
20) pH 7.4 was added in proportion 0.5 g feces/2ml TBST. They were kept under 
agitation for 60 min and centrifuged at 1600 g during 15 min at 4ºC. The supernatant 
was transferred to a sterile Eppendorf tube and mixed with a protease inhibitor cocktail 
(Sigma-Aldrich), in proportion 2ml extract to 20 µl cocktail and centrifuged at 10000 × 
g for 10 min at 4ºC for optimal removal of solid material. The supernatant was 
preserved at -20ºC until analysis. 
IgA quantification. An ELISA quantification set developed for chicken IgA by Bethyl 
Lab (E30-103) was used to measure IgA in feces extracts. We followed the commercial 
procedure. In brief, 96-well immunoplates (Maxisorb; Nunc, Roskilde, Denmark) were 
covered with the first antibody, incubated at room temperature during 1 hour and 
washed with TBST (Tween buffer saline with 0.05% Tween 20 pH 8.0, Sigma T9039). 
TBS with 1% BSA (Bovine serum albumin) was used as blocking solution for a further 
30 min period and washed again. A known amount of antigen (recombinant chicken 
IgA) or samples were added and incubated for 1 hour, the wells being washed again. 
The second antibody which was conjugated with HRP (horseradish peroxidase) was 
added and incubated for 1 hour. After washing, TMB (Sigma T0440) was added, 
maintained in darkness for 15 min, and the reaction stopped with H2SO4 0.18 M. The 
absorbance was read in a plate reader at 450nm, immediately. Both standards and 
samples were run in duplicate. Washing procedures were repeated 5 times throughout.  
Standard solutions for the calibration curve were obtained from an initial antigen 
solution in TBST of 1000 ng/ml. After trying a long dilution series, we chose the central 
lineal part of the curve, between 400 and 6.25 ng/ml. A parallelism test was run to asses 
that the chicken antibodies discriminate different concentrations of IgA from Sturnus 
unicolor. To that end, we extracted the IgA from a pool of several fecal extract with 
magnetic beads so that a solution with an absorbance 2400 was obtained. Several 
dilutions allowed as to run a curve that paralleled to the standard curve run at the same 
time. R2 for different standard curves was > 98.7. The coefficients intra and inter-assay 
were 3.69% and 0.46%, respectively. 
IgA extraction with magnetic beads for parallelism curve. Dynabeads M-270 Epoxy 
from Life Technologies were used to extract IgA from a pool of fecal extract. The 
commercial procedure was followed with minor modifications. In short, 2 x 108 beads 
were covered with 80 µg of the primary chicken antibody used in the previous ELISA 
procedure. After adding 20 µl of (NH4)2SO4 5M they were incubated for 20 hours with 
a vortex so that beads were not allowed to settle down. Beads were recovered under a 
magnetic field (Dynamag, Life technologies) washed and mix with 8 ml pool of fecal 
extracts. After 4 hours under agitation with vortex, they were allowed to sediment with 
the magnetic field, washed with PBS and resuspended in 200 ml TBST pH 8. IgA were 
released to the medium from the beads by adding 300 µl of citric acid 3.1 M (three 
sequential additions of 100 µl). Beads were settled down with the magnetic field and the 
supernatant was transferred to a clean eppendorf, immediately neutralized with NaOH 
to pH 7.4 and this solution was used to raise serial dilutions with TBST pH 8. 
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Supplementary Table S6. Fisher's LSD post hoc test of androgen treatment effects on EDP and nestling development (tarsus length and body 
condition) on day 14 posthatch across breeding attempts (summary statistics of final models in Table 8). Fixed factors are coded as Treat (Treat-
ment; control: 0, androgen treated: 1) and Attempt (Breeding Attempt; first brood: 1st, replacement: R, second brood: 2nd).  
 
Diff. between groups EDP Tarsus length Body condition 
Treat Attempt Treat Attempt Estimate ± SE d.f. t P Estimate ± SE d.f. t P Estimate ± SE d.f. t P 
0 1st 0 R -0.145±0.072 915 -2.00 0.045 0.949±0.172 428 5.51 <0.001 0.483±0.121 548 3.97 <0.001 
0 1st 0 2nd 0.054±0.062 922 0.87 0.383 0.368±0.157 566 2.34 0.019 1.102±0.103 704 10.71 <0.001 
0 1st 1 1st 0.115±0.053 851 2.17 0.030 0.171±0.119 386 1.44 0.151 -0.099±0.084 518 -1.18 0.240 
0 1st 1 R 0.282±0.083 885 3.42 <0.001 0.133±0.189 390 0.71 0.481 0.534±0.129 503 4.11 <0.001 
0 1st 1 2nd 0.059±0.039 793 1.52 0.128 0.241±0.129 929 1.87 0.062 1.263±0.078 939 16.19 <0.001 
0 R 0 2nd 0.199±0.085 894 2.35 0.019 -0.581±0.202 440 -2.88 0.004 0.619±0.138 559 4.47 <0.001 
0 R 1 1st 0.260±0.078 842 3.34 <0.001 -0.778±0.172 368 -4.52 <0.001 -0.582±0.124 466 -4.71 <0.001 
0 R 1 R 0.427±0.100 872 4.26 <0.001 -0.816±0.227 358 -3.59 <0.001 0.051±0.160 464 0.32 0.749 
0 R 1 2nd 0.204±0.076 923 2.67 0.007 -0.708±0.187 453 -3.78 <0.001 0.780±0.129 592 6.04 <0.001 
0 2nd 1 1st 0.061±0.046 818 1.32 0.189 -0.196±0.145 878 -1.36 0.175 -1.201±0.088 965 -13.60 <0.001 
0 2nd 1 R 0.228±0.084 931 2.70 0.007 -0.235±0.212 487 -1.11 0.269 -0.568±0.141 634 -4.01 <0.001 
0 2nd 1 2nd 0.005±0.063 931 0.07 0.941 -0.127±0.171 634 -0.74 0.457 0.161±0.110 824 1.47 0.142 
1 1st 1 R 0.167±0.078 917 2.15 0.032 -0.038±0.184 424 -0.21 0.836 0.633±0.126 555 5.03 <0.001 
1 1st 1 2nd -0.057±0.053 915 -1.05 0.292 0.069±0.135 600 0.51 0.608 1.362±0.089 748 15.25 <0.001 
1 R 1 2nd -0.223±0.084 907 -2.66 0.008 0.108±0.202 439 0.53 0.594 0.729±0.136 571 5.34 <0.001 
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Supplementary Table S7. Fisher's LSD post hoc test of androgen treatment effects on 
lymphocyte proliferation at 48 hours on day 14 posthatch between first and second 
brood (summary statistics of final models in Table 8). Fixed factors were coded as 
Treatment (Treat; control: 0, androgen treated: 1) and Attempt (Breeding Attempt; first 
brood: 1st, second brood: 2nd).  
 
 
 
 
 
 
 
 
 
 
 
Diff. between groups Lymphocyte proliferation 
Treat Attempt Treat Attempt Estimate ± SE d.f. t P 
0 1st 0 2nd -0.06191±0.05353 67 -1.16 0.2516 
0 1st 1 1st -0.04543±0.02011 67 -2.26 0.0272 
0 1st 1 2nd -0.03317±0.06115 67 -0.54 0.5893 
0 2nd 1 1st 0.01648±0.05395 67 0.31 0.7609 
0 2nd 1 2nd 0.02874±0.02955 67 0.97 0.3341 
1 1st 1 2nd 0.01226±0.06151 67 0.20 0.8426 
  
A 
 
 
 
 
 
 
 
The flock 
 
The spotless starling is a gregarious species. It feeds in large flocks: 
this is thought to improve their feeding efficiency and to decrease pre-
dation by birds of prey. Flocks form a tight sphere-like formation in 
flight, frequently expanding and contracting and changing shape, 
seemingly without any sort of leader. 
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This chapter is based upon the manuscript: Long-term effects of high 
yolk androgen levels on fitness-related traits in a wild passerine. Man-
uscript. 
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Long-term effects of high yolk androgen levels on fitness-related 
traits in a wild passerine 
 
 
 
 
Abstract: Mothers can modify the phenotype of their offspring by exposing 
them to different amounts of substances that influence their development. It is 
known that yolk androgens can alter offspring development, but the potential 
long-term effects of these hormones remain poorly understood, although this in-
formation is essential to fully assess the adaptive value of hormone-mediated 
maternal effects. In a large-scale study, we experimentally manipulated yolk 
androgen levels on 497 clutches of spotless starlings (Sturnus unicolor). In the 
following three breeding seasons, we monitored adult recruitment and breeding 
output. Also, we assessed the effects of the experimental manipulation on their 
plumage ornaments, morphometry and some physiological parameters (circulat-
ing testosterone and white blood cell counts). We found that yolk androgens in-
creased the length of the throat feathers in both males and females, a key orna-
mental plumage trait in this species. Yolk androgens influenced survival in 
males: experimental males hatching late in the season showed reduced recruit-
ment with respect to controls whereas the opposite was true for birds from early 
broods. This could be associated to the differential effect of yolk androgens on 
some components of the cellular immune response that was also detected. De-
spite this, among those males that succeeded to breed and produce descendants 
in the first year of life, the number of chicks fledged by androgen-treated males 
was higher than that of controls, although this effect was reverted later in life. 
In females, increased yolk androgens reduced clutch size, but in turn increased 
the egg volume. This resulted in large nestlings that also displayed wider gapes. 
These results demonstrate that maternally derived androgens can modify off-
spring adult phenotype, also affecting key life-history traits. Our study show 
that females can influence the outcome of many life-history trade-offs faced by 
their descendants, ultimately influencing individual fitness. 
 
Keywords: Yolk androgens, testosterone, immune response, parasites, andros-
tenedione, maternal effects, Sturnus unicolor. 
 
Introduction 
Beyond genes and the environment expe-
rienced by the individual, parents can 
modify offspring phenotype, contributing 
to transgenerational plasticity. Adaptive 
maternal effects arise when the environ-
ment or phenotype of the mother influence 
traits linked to offspring fitness, including 
morphology, physiology, behaviour, and 
reproductive success (Bernardo, 1996; 
Mousseau and Fox, 1998; Marshall and 
Uller, 2007, Wolf and Wade, 2009). Ma-
ternal effects can be mediated by adjust-
ment of care or resources such as nutri-
ents, antibodies, and hormones that are 
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transmitted to the developing offspring via 
the placenta, egg, or seed (Roach and 
Wulff, 1987; Schwabl, 1996; Mousseau 
and Fox, 1998; Grindstaff et al., 2003; 
Maestripieri and Mateo, 2009). In this 
way, maternal effects can exert strong 
effects on ecological and evolutionary 
processes, improving the adaptation of 
offspring to future environments (Bernar-
do, 1996; Mousseau and Fox, 1998; 
Rotem et al., 2003; Räsänen and Kruuk, 
2007). 
Oviparous species represent an 
ideal model to study early maternal effects 
due to the relative independence between 
mother and embryo once the egg is laid. 
In avian species, maternally derived an-
drogens, mainly testosterone (T) and an-
drostenedione (A4), have a great impact 
on offspring development (Schwabl, 
1993). These yolk hormones play a crucial 
role both in the prenatal development and 
in a series of traits after hatching, includ-
ing physiology, behaviour and life history 
(reviewed in Ketterson et al., 1996; Clark 
and Galef, 1998; Weinstock, 2001; Wel-
berg and Seckl, 2001; Dufty et al., 2002; 
Groothuis and Schwabl, 2008). These 
effects can in some cases be sex-specific 
(Groothuis et al., 2005; Gil, 2008; Ruus-
kanen and Laaksonen, 2010; Ruuskanen et 
al., 2012a) and/or context-dependent 
(Muriel et al., 2015a). Costs and benefits 
of yolk androgens are usually studied by 
experimental manipulations in which egg 
yolks are injected with exogenous andro-
gens before incubation, simulating a ma-
ternal transfer in response to an hypothet-
ical environmental stimulus (reviewed in 
Groothuis et al., 2005; Groothuis and 
Schwabl, 2008; Gil, 2008; Muriel et al., 
2015b). The vast majority of these studies 
have focused on the short-term effects of 
yolk androgens, testing the effects of 
hormone manipulations in the stages be-
tween embryo and fledgling (Schwabl, 
1996; Eising et al., 2001; Lipar and Ket-
terson, 2000; Eising and Groothuis, 2003; 
Muriel et al., 2015a, b). However, the 
effect of androgens on phenotypic devel-
opment is not restricted to the pre- and 
perinatal periods; these hormones can also 
exert long-term effects, affecting adult 
phenotype and subsequent generations 
(Dufty et al., 2002; Groothuis et al., 2005; 
Uller et al., 2007; Gil, 2008). These long-
term effects of maternal hormones may 
also affect the rate and direction of evolu-
tionary change (Mousseau and Fox, 1998; 
Räsänen and Kruuk, 2007). However, 
only a few studies have tested the poten-
tial persistent effects of prenatal androgen 
exposure into adult life (reviewed in 
Groothuis and Schwabl, 2008; Gil, 2008; 
Ruuskanen et al., 2012a, b). 
Trade-offs between life-history 
traits have a crucial effect on reproduction 
and survival (Stearns, 1992), and can be 
influenced by maternal effects. This way, 
the enhancing effect of androgens on 
growth early in life (Schwabl, 1996; Eis-
ing et al., 2001; for reviews see, e.g., 
Groothuis and Schwabl, 2008; Gil, 2008) 
could boost size-dependent traits in adult-
hood (Müller et al., 2009), such as the 
probability of acquiring a territory, or re-
productive fitness components (reviewed 
in Lindström, 1999; Cam and Aubry, 
2011; Müller et al., 2009; Ruuskanen et 
al., 2012a). Although it is known that an-
drogens are intimately associated with 
reproduction in adulthood (Stearns, 1992; 
Ketterson and Nolan, 1992; Fusani, 2008), 
studies on long-term effect of yolk andro-
gens fail to show consistent results. For 
example, there is little evidence about the 
long-term effects of yolk androgens on 
female reproduction into adulthood. Stud-
ies in which the embryo was exposed to 
elevated yolk androgen levels have shown 
both long-term effects on egg size or 
clutch size (Uller et al., 2005; Müller et 
al., 2009, respectively) and an absence of 
effects (Von Engelhardt et al., 2004). If 
yolk androgens influence the individuals’ 
ability to efficiently convert resources into 
sexual signals, then these maternally de-
rived hormones could have a positive ef-
fect on Darwinian fitness (von Engelhardt 
et al., 2004). On this respect, several ex-
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perimental studies have reported that yolk 
androgens are involved in the expression 
of many secondary sexual characters 
(Strasser and Schwabl, 2004; Eising et al., 
2006), although a recent meta-analysis 
shows that the effects of yolk androgens 
on sexually selected male characters may 
be comparatively small (Müller and Eens, 
2009). . On the other hand, the immuno-
competence handicap hypothesis suggests 
that an increase in sex hormone level 
might negatively affect the ability to raise 
efficient immune responses (Folstad and 
Karter, 1992; Wedekind and Folstad, 
1994). Yolk androgens can also induce 
high metabolic rates (Nilsson et al., 2011; 
Ruuskanen et al., 2013). These physiolog-
ical costs in adulthood, added to those 
associated with increased yolk androgen 
levels during early life (reviewed in Gil, 
2008; Navara and Mendonça, 2008), 
could undermine survival (Birkhead et al., 
2000; Sockman and Schwabl, 2000; but 
see Eising and Groothuis, 2003; Müller et 
al., 2007or local recruitment (Ruuskanen 
et al., 2012a; but see Hegyi et al., 2011). 
In short, there is no clear direction of the 
effects of yolk androgens on offspring 
reproduction and survival, and given the 
paucity of studies on this line, it is essen-
tial to conduct experimental studies to 
place the role of maternal hormones in the 
context of life-history trade-offs into 
adulthood. 
From a broader perspective, evi-
dence shows that maternal effects could 
alter offspring life-history traits to maxim-
ize own maternal lifetime reproductive 
success, provided that their short and 
long-term consequences have an adaptive 
value (Mousseau and Fox, 1998; Wilson 
et al., 2005). However, the mechanistic 
and transgenerational approaches underly-
ing the consequent organizational effects 
remain largely unknown (Carere and Bal-
thazart, 2007; Groothuis and Schwabl, 
2008; Schweitzer et al., 2013). As men-
tioned before, the adaptive effect of hor-
mone-mediated maternal effects is more 
evident on early stages of life (Groothuis 
et al., 2005; Gil, 2008; Love and Wil-
liams, 2008); however, despite recent 
studies that analyze their long-term fit-
ness-related effects (see above), there are 
few studies addressing their adaptive val-
ue into adulthood in the wild (Groothuis 
and Schwabl, 2008). Most log-term anal-
yses have been conducted in captivity, 
where it is difficult to assess the adaptive 
value of the manipulation (e.g. von Engel-
hardt et al., 2004; Rutkowska et al., 2007; 
Müller et al., 2009; Schwabl et al., 2012; 
Schweitzer et al., 2013), and patterns may 
strongly differ from those found in studies 
in the wild. For instance, a significant 
association between the strength and di-
rection of sexual size dimorphism and 
sex-specific sensitivities to yolk andro-
gens has been observed in studies per-
formed in the wild, while there was no 
evidence of this relationship in captivity 
(Tschirren, 2015). Yolk androgen conse-
quences on survival and reproductive suc-
cess are still unclear in adult stage, being 
difficult to discern whether they are carry-
over effects of effects that are selected in 
early life (Groothuis and Schwabl, 2008) 
or, the direct target of selection of hor-
mone-mediated maternal variation. There-
fore, further long-term empirical studies, 
particularly performed in natural condi-
tions, are required to uncover the real val-
ue of maternal androgens as mediators in 
phenotype adaptive plasticity. 
Here, we used an integrative ex-
perimental approach to explore the long-
term effects and the life-history trade-offs 
associated to yolk androgens. We manipu-
lated yolk androgen levels of an entire 
wild breeding colony (464 clutches) of 
spotless starlings (Sturnus unicolor) and 
monitored the recruits of that cohort in the 
following three breeding seasons (2012, 
2013 and 2014). Our main aim was to 
analyze the fitness consequences of the 
treatment over time, evaluating long-term 
effects on adult morphology, survival and 
reproduction. We also explored the effects 
of the experimental treatment on the adult 
levels of circulating androgens and the
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Figure 22. When spotless starlings are in full breeding status, both male and female 
beaks are yellow. However, the base of the male’s beak has a bluish area and the fe-
male’s a pink one. Picture credit: Ginés Toral. 
expression of a key secondary sexual trait 
in this species, the length of the throat 
feathers (as sexual ornament, Aparicio et 
al., 2001; López-Rull et al., 2007), as 
proxies of individual investment in sexual 
signalling. Finally, we also tested the ef-
fects of yolk androgen manipulation on 
some haematological indices of physio-
logical stress and immune function at 
adulthood. 
Material and Methods 
Study area and study species 
The study was conducted during three 
consecutive breeding seasons (from 2012 
to 2014) in a nest-box colony of spotless 
starlings located in a mixed oak and ash 
woodland in central Spain (Soto del Real, 
Madrid). The spotless starling is a medi-
um-sized facultative polygynous and hole-
nesting passerine (Moreno et al., 1999; 
Veiga, 2002), which shows high breeding 
synchrony. It is a moderately long-lived 
species with maximum lifespans of 8 or 9 
years (Veiga and Polo, 2011). Regarding 
sexual dimorphism, adult males are 6% 
heavier and have wings 3% longer than 
adult females (Cordero et al., 2001; Fig. 
22). In addition, throat-feather length is 
41% longer in males than in females, and 
is a male secondary sexual trait that pre-
dicts male attractiveness and reproductive 
success (Aparicio et al., 2001; López-Rull 
et al., 2007; Fig. 23). In our study popula-
tion, the spotless starling is commonly 
double brooded, laying the first clutch 
around mid-April and the second clutch 
towards the end of May (Salaberria et al., 
2014; Muriel et al., 2015a). If loss of the 
first clutch occurs due to sabotage by con-
specifics, females usually lay a replace-
ment clutch (Müller et al., 2007; Muriel et 
al., 2015a). As a general matter in our 
study area, breeding conditions become 
harsher as the season advances, leading to 
higher temperatures and scarce food (i.e. 
from first to second broods, see Muriel et 
al., 2015a). Modal clutch size is 5 eggs 
(López-Rull et al., 2007), and fledglings 
leave the nest around 22 d of age (Cramp, 
1998). Both sexes share chick feeding and 
nest cleaning, but male contribution can 
vary from 50% to 0%, being particularly 
low in the case of secondary nests of po-
lygynous males (Jimeno et al., 2014; 
Veiga et al., 2002). 
Yolk androgen-manipulation and nestling 
measurements 
Yolk hormone manipulations were con-
ducted in 2011 and survivors were moni-
tored during the breeding seasons 2012, 
2013 and 2014. In short, all clutches laid 
during the 2011 breeding season were 
randomly injected either with control or 
androgen treatment as described else-
where (Muriel et al., 2015a). In the andro-
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Figure 23. During courtship, male starlings conspicuously display throat feathers while 
singing from exposed perches. Inset: Sexual dimorphism in throat feathers. Picture 
credits: Stephan Peten. Inset: Lara Moreno. 
gen clutches (N= 246), eggs were injected 
with a mixture of yolk androgens corre-
sponding to 4 standard deviations of the 
natural average found in the same popula-
tion (testosterone: 14 ng per yolk [SD = 
6.0], androstenedione: 50 ng per yolk [SD 
= 17.1]; D. Gil, unpublished), adjusted for 
mean yolk mass (average yolk mass 1.4 
g). The mixture of hormones was com-
posed of 24 ng T (ref. 86500, Sigma-
Aldrich, Steinheim, Germany) and 68 ng 
A4 (ref. A9630, Sigma Aldrich), dissolved 
in 10 μl of sesame oil (ref. 85067, Sigma-
Aldrich). In control clutches (N= 251), 
eggs were injected with 10 μl of sesame 
oil alone. These androgen levels were 
selected based on results of a previous 
dose-dependent study carried out in the 
same experimental population, where the 
chosen dose entailed a stimulatory effect 
on hatching body mass and nestling skele-
tal growth (Muriel et al., 2015b). In ovo 
injections were performed in the field us-
ing standard U-50 insulin syringes (Teru-
mo Corporation, Tokyo, Japan) following 
a standard protocol (for more details on 
injection protocol see Muriel et al., 
2015a).  
Ten days after the beginning of in-
cubation, nests were visited daily to check 
hatching time and hatching success. After 
determining the exact hatching date, all 
nestling biometric measurements were 
taken on day 14 post-hatching, when all 
chicks were ringed with numbered alumi-
num bands, and a uniquely identified mi-
cro-transponder was placed under the skin 
of their backs (Trovan ID-100A; Dia. 2.12 
mm; Length 11.5 mm; mas 0.09 g. Trovan 
Ltd., Douglas, UK). These microchips 
helped us to detect in subsequent years 
surviving individuals that we were not 
able to capture in the prelaying period (see 
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Figure 24. Each nest-box is equipped with a lateral watertight compartment (A) which 
contains a battery and a data-logger connected to an antenna (B). The antenna is at-
tached to the nest-box entrance and records visits by birds that carry transponders (C). 
Detail of reader and battery placement inside the watertight compartment (D). Picture 
credit: Diego Gil. 
below). Out of all injected eggs, the final 
sample sizes were 458 control and 519 
androgen-treated fledglings. 
Survival monitoring and measurements 
Our spotless starling colony comprises a 
total of 250 nest-boxes. In the following 
three breeding seasons (2012-2014), from 
early March to early July, we recorded 
entrances to the nest box by birds with 
microchips with the aid of 30 data-loggers 
equipped with an antenna (Trovan, EID 
Iberica, Madrid, Spain; Fig. 24). Data 
gathered allowed us to detect survivors 
and to identify the parents of each clutch 
or brood. Sampling effort was similar in 
the different years: before laying, each 
box was sampled for at least two morn-
ings; and during chick feeding for at least 
one morning. In addition, we used hand-
held data-loggers to identify all incubating 
females at night. During the pre-laying 
period (from early May until the first egg 
of the colony was laid, usually in early 
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April) male and female starlings were 
caught by traps placed inside nest-boxes. 
From every individual captured, a blood 
sample for hormone assays was taken 
from the jugular vein (approximately 0.7 
ml) with heparinized syringes immediate-
ly when extracted from the trap. Blood 
samples were kept cold (approx. 4°C) 
until the adequate processing in the labor-
atory within 6 hours, where plasma and 
red cell fractions were separated by cen-
trifugation (at 10,000 r.p.m. for 10 min) 
and stored at -80 °C until analysis. A drop 
of blood was smeared on individually 
marked microscope slides and air-dried. 
We recorded body mass with a 
digital balance (Ohaus Scout II SC2020, 
China, accuracy = 0.1 g), tarsus length 
with a digital calliper (Mitutoyo Absolute, 
Japan, accuracy = 0.01 mm) and wing 
length with an end-stop ruler (accuracy = 
1 mm). Three feathers were carefully 
plucked from the throat, aiming at select-
ing those that were the longest. Feathers 
were kept in plastic bags until length 
measurements were performed with digi-
tal callipers in the laboratory. The lengths 
of the three feathers collected from each 
individual were consistent, as reflected by 
the high repeatability obtained for both 
sexes (males: r = 0.90, females: r = 0.87). 
For the analyses, we used the average 
length of these three feathers, which also 
showed a very high repeatability between-
samples in the same year (males: r = 
0.995, females: r = 0.966; n = 32 for each 
sex). 
For the analysis of survival, we 
pooled data from all captured individuals 
and those detected by data-loggers and 
never caught. We detected a total of 259 
experimental survivors in total in the three 
study years (243 survivors in 2012, 8 new 
survivors in 2013 and 5 additional ones in 
2014). Breeding data was similarly col-
lected in the three years of the study: nest-
boxes where at least an experimental re-
cruit was identified (male of female) were 
monitored by the same person (JM), who 
recorded: laying date, clutch size, time to 
hatch, brood size, fledgling success, and 
nestling body mass and tarsus length at 14 
days post-hatching. Fledgling success was 
recorded as the difference between initial 
clutch size and the number of dead chicks 
found in the nest up to 25 days old. Be-
cause of the context-dependent effect of 
yolk androgens reported in a previous 
study (Muriel et al., 2015a); we took into 
account both the breeding event in which 
survivors were hatched in 2011 (early and 
late broods), as well as the breeding 
events in which they reproduced in the 
following breeding seasons (first, re-
placement and second broods). Due to 
clutch sabotage or brood mortality, not all 
individuals that attempted breeding and 
produced a clutch finally succeeded to 
produce fledglings. Breeding success was 
computed as the sum of fledglings per 
year for those nests with at least one 
fledgling. 
Testosterone assays and leukocyte counts 
Testosterone was extracted from 0.12 ml 
plasma samples with 2 ml diethyl ether. 
After shaking tubes on a multi-tube vor-
texer for 15 min and a subsequent centrif-
ugation for 10 min (at 4°C and 1,500 
r.p.m.), the bottom of the tube was im-
mersed on a bath of ethanol and dry ice to 
freeze the plasma, so that the ether phase 
was decanted out and dried in a bath of 37 
°C. This procedure was done twice. The 
overall extract was resuspended in 0.2 ml 
of assay buffer (Cayman Chemicals, Ann 
Arbor, MI). Hormone concentrations were 
determined in duplicate using a commer-
cially available enzyme immunoassay 
(Cayman Chemicals) following the manu-
facturer’s protocol. The assay is 100% 
specific for testosterone, 27.4% for 5a-
dihydro-testosterone (5a-DHT), and 3.7% 
for androstenedione. However, as 5α-
DHT and T have similar receptor affini-
ties, we consider that our measure of T is 
not biased by the eventual presence of 5α-
DHT in the samples. For each breeding 
season, internal standards were also run in 
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each plate to adjust for inter-assay differ-
ences. Inter- and intra-assay coefficients 
of variations were, respectively, for 2012: 
6.52% and 7.87%, 2013: 11.82% and 
11.34%, and 2014: 10.51% and 8.20%. 
We analysed the linearity of our plasma 
samples by carrying out serial pool dilu-
tions, which provided a slope that did not 
differ from the expected value. Hormone 
levels were no normally distributed and 
were therefore log transformed. 
We used blood smears to estimate 
number of total and differential WBC 
counts (Walberg, 2001). Blood smears 
collected in the field were fixed with ab-
solute methanol and stained with com-
mercial Giemsa diluted with PBS pH 6.8 
(1:2) for 45 min. Slides examined under 
microscope (1,000x magnification with oil 
immersion) to estimate the proportion of 
different types of leukocytes (Campbell 
and Ellis, 2007). Examination continued 
until 100-120 leukocytes had been found 
per slide (Salaberria et al., 2013). Differ-
ential white blood cell (WBC) counts pro-
vides an estimate of innate immune re-
sponse characteristic for cell-mediated 
processes in response to infections (Norris 
and Evans, 2000) that is easily obtained 
without involving prolonged manipulation 
of wild animals. We also calculated the 
heterophil:lymphocyte (H/L) ratio, an 
index that is positively associated with a 
levels of physiological stress in birds 
(Gross and Siegel, 1983; Maxwell and 
Robertson, 1998). 
Statistical analyses 
All statistical analyses were conducted 
with SAS 9.4 (SAS Institute Inc., Cary, 
NC, USA). A new variable to summarize 
the structural size of individuals was de-
rived from the first component of a Prin-
cipal Components Analysis carried out on 
wing and tarsus lengths (Rising and Som-
ers, 1989). Given the sexual dimorphism 
of this species, we performed this analysis 
separately by sex and year. The first com-
ponent of this analysis (“body size” here-
after) had positive loadings for both 
source variables, explaining between 
57.85 and 84.41% of their variance. Bio-
metric variables (such as body size, body 
weight and length of throat feathers) were 
analyzed using mixed models for repeated 
measures (SAS, Proc Mixed, normal dis-
tribution), with Satterthwaite correction to 
adjust the degrees of freedom. In order to 
control for non-independence of individu-
als from the same brood, nest of origin 
was defined as a random effect affecting 
the model intercept, and the identity of the 
individual was entered as repeated factor. 
The following variables were included as 
fixed factors in the main model: treatment, 
sex, age, breeding event (early, replace-
ment, or late clutches), capture date and 
body size (except when it was the depend-
ent variable). Given that body size was 
included as a covariate in the analyses of 
body weight, the results of these models 
were interpreted as “body condition” 
(Garcia-Berthou, 2001). Treatment (Con-
trol vs T+A4), Sex (male vs female) and 
breeding event (early and late broods) 
were considered as categorical variables. 
All biologically meaningful double and 
triple interactions were also included in 
initial models. Specifically, since we ex-
pected treatment effect to change along 
age and differ between sexes, the triple 
interaction treatment×sex×age was in-
cluded in all initial models. Statistical 
parameters of the final models and their 
estimates (± SE) are shown in the tables 9 
and S8, respectively. When required, we 
explored the differences between categor-
ical interactions by using Fisher’s LSD 
post-hoc tests. 
The effect of yolk androgen ma-
nipulation on the probability of survival in 
the following years (2012-2014) was test-
ed using generalized linear mixed models 
for repeated measures (Proc GLIMMIX, 
binomial distribution and logit link). Sta-
tistical analysis did not require correction 
for imperfect detection because all survi-
vors originated in the same cohort and 
95% of them were detected in their first 
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year of life. Due to the different reproduc-
tive biology between sexes (see Results), 
we tested the effect of androgen treatment 
and its interaction with age on survival for 
males and females separately. The poten-
tial effect of body size at fledging and the 
breeding event where birds hatched where 
always tested as explanatory variables. 
Using the same statistical approach de-
scribed above, we analyzed the effect of 
treatment on breeding attempts of recruits, 
and whether those attempts were success-
ful or not at achieving at least one fledg-
ling (breeding success). The nest of origin 
of the recruits (2011) was also included as 
a random intercept. In addition, in order to 
test whether recruit biometry (weight, 
body size, condition and the length of the 
throat feathers) could mediate the poten-
tial effect of the treatments on breeding 
attempts and success, we repeated this last 
analysis with those individuals that were 
captured each year. 
We followed the same model con-
struction scheme detailed above to analyse 
breeding parameters (clutch size, egg vol-
ume and fledging success) and biometric 
parameters of broods raised by our re-
cruits (average tarsus length, body mass 
and condition at 14 days old per brood) in 
each breeding event and year. Breeding 
parameters were separately analyzed for 
2012 (the first breeding year of recruits) 
but also following a repeated measure-
ments design including all the data from 
2012 to 2014 in order to test the temporal 
trend as birds aged. 
We analyzed the effect of yolk an-
drogen manipulation on the length of or-
namental feathers, testosterone levels and 
differential WBC counts from 2012 to 
2014 using linear mixed models including 
treatment, sex, age and breeding event, 
capture date, body size and condition per 
year. Due to sample size limitations, it 
was not possible to test age-related chang-
es with a repeated measures design. In the 
case of WBC counts, analyses were re-
stricted to 2012 and 2013, as data for 2014 
were not available. Testosterone levels 
were log-transformed to achieve normali-
ty. Additionally, arcsine square-root and 
logarithmic transformations were applied 
to leukocyte proportions and H/L ratios, 
respectively. 
Non-significant (P > 0.05) terms 
were sequentially removed from the initial 
models, starting with interactions, follow-
ing a backward stepwise procedure, until 
only the significant explanatory variables 
or interactions were retained in the mod-
els. When an interaction resulted signifi-
cant, each single factor included in the 
interaction was also retained in the final 
model. In all cases, we assessed the validi-
ty of final models by exploring the distri-
bution of residuals. When it was necessary 
to assess the biological significance of the 
differences tested, we also calculated ef-
fect sizes separately for each sex. 
Results 
Adult biometry 
We found the expected sexual dimor-
phism in body size and weight with males 
being the larger sex, although both varia-
bles were also positively affected by age 
(Table 9, for estimate ± SE see supple-
mentary Table S8). There was no effect of 
the androgen-manipulation on body size 
or weight (F1,129 = 0.21, P = 0.646, and 
F1,118 = 0.79, P = 0.377; respectively). 
Body weight and body condition were 
positively influenced by capture date (Ta-
bles 9 and S8). Finally, body condition did 
not differ either between treatments (F1,112 
= 1.76, P = 0.187), sexes (F1,142 = 1.18, P 
= 0.280) or ages (F1,176 = 2.85, P = 0.093).  
The length of ornamental throat 
feathers was affected by our yolk andro-
gen manipulation: experimental birds had 
longer throat feathers than controls (Ta-
bles 9 and S8). Males had longer feathers 
than females (Tables 9 and S8; Fig. 25), 
but the interaction with treatment was not 
retained in the model, indicating that both 
males and females were similarly affect 
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Table 9. Summary of final repeated-measures mixed models showing the effect of yolk 
androgen treatment on adult biometry (body size, body weight, body condition and or-
namental feather length). Models were run using Proc Mixed (SAS) with Satterthwait 
correction to adjust the degrees of freedom. 
 Body size Body weight Body condition Ornamental feather length 
Independent 
variable d.f. F P d.f. F P d.f. F P d.f. F P 
Treatment ─ ─ ─ ─ ─ ─ ─ ─ ─ 1/122 7.08 0.008 
Sex 1/136 41.16 <0.001 1/148 44.68 < 0.001 ─ ─ ─ 1/147 473.39 < 0.001 
Age 1/76.9 7.92 0.006 1/174 4.54 0.034 ─ ─ ─ 1/145 153.91 < 0.001 
Capture date ─ ─ ─ 1/171 10.67 0.001 1/149 7.38 0.007 ─ ─ ─ 
 
 
Figure 25. Differences in length of ornamental throat feathers shown as residuals from 
final statistical models, according to treatment and sex (white bars: control and black 
bars: androgen treated). Different letters above bars indicate significant differences (P < 
0.05) among groups based on Fisher’s post hoc comparisons. 
 
by yolk androgen manipulation. Age was 
also correlated with this trait (Tables 9 
and S8), indicating that throat feathers 
became longer as the birds aged. 
Testosterone levels 
Plasma testosterone concentration could 
be measured in 159 out of the 197 recruits 
caught (17 males and 45 females in 2012, 
42 males and 26 females in 2013, and 20 
males and 9 females in 2014). After con-
trolling for the assay plate (F11,143 = 16.04, 
P < 0.001), male recruits showed higher 
plasma testosterone concentrations than 
females (F1,127 = 122.47, P < 0.001, esti-
mate ± SE (males) = 10.422 ± 0.479). 
However, there was no difference in tes-
tosterone levels between recruits from 
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androgen-treated and control-treated eggs 
(F1,99.6 = 1.22, P = 0.271). Testosterone 
concentration did not depend on the inter-
action between treatment and sex or 
treatment and age either (all P > 0.633). 
Differential WBC counts 
Unfortunately, we could only carry out 
leukocyte counts in 2012 (n = 47) and 
2013 (n = 64), but not in 2014. Recruits 
hatched from androgen-treated eggs 
showed higher proportion of eosinophils 
than controls (F1,61.9= 4.87, P = 0.031, 
estimate ± SE (controls) = -0.029 ± 
0.0134). This leukocyte type increased 
with age (F1,99.2= 19.21, P < 0.001, esti-
mate ± SE = 0.071 ± 0.016), and was neg-
atively affected by capture date (F1,107= 
10.16, P = 0.002, estimate ± SE = -0.002 
± 0.001). The percentage of lymphocytes 
was marginally affected by an interaction 
between treatment, age and sex (F1,96.6 = 
3.87, P = 0.052, estimate ± SE (controls, 
males) = -0.124 ± 0.063), where andro-
gen-treated males showed a tendency to 
have a lower proportion of lymphocytes 
compared to controls at younger ages 
(F1,46.8= 5.05, P = 0.029), but not between 
experimental females (F1,47.5= 0.17, P = 
0.677). Additionally, the H/L ratio was 
affected by a non-significant interaction 
between treatment and age (F1,98.4= 3.16, 
P = 0.078, estimate ± SE (controls) = 
0.130 ± 0.073): androgen-treated recruits 
showed a slightly higher H/L ratio than 
controls in the first year and lower ratio in 
the second year. 
Percentages of heterophils, baso-
phils and monocytes were similar among 
experimental groups (all P > 0.10), alt-
hough they were all significantly higher in 
the first year than in the second (F1,108 = 
7.78, P = 0.006; F1,66.4 = 119.60, P < 
0.001 and F1,97.5 = 128.92, P < 0.001, re-
spectively). Proportion of heterophils was 
also affected by date of capture (F1,108= 
7.25, P = 0.008, estimate ± SE = 0.002 ± 
0.001), showing higher values as the mat-
ing season progressed. 
Survival 
Pooling information from trapping events 
and identifications by transponder read-
ings, we were able to detect 259 different 
experimental survivors in total. The over-
all survival rate in 2012 differed between 
sexes (F1,724 = 4.78, P = 0.029, estimate ± 
SE (males) = 0.324 ± 0.148), males show-
ing higher recruitment rates than females. 
Given the sexual differences in survival, 
we performed statistical models for males 
and females separately, thus reducing the 
complexity of the analyses. Hence, male 
survival rate was affected by an interac-
tion between treatment and the breeding 
event from which birds were hatched in 
2011 (F1,537 = 6.23, P = 0.013; Fig. 26): 
males hatched from androgen treated eggs 
in late clutches showed lower recruitment 
rates than those hatched in early clutches 
(F1,537 = 2.00, P = 0.046), also showing 
marginally lower survival rates than con-
trols in late clutches (F1,537 = 1.94, P = 
0.052), but there were no differences be-
tween experimental and controls from 
early clutches (F1,537 = -1.59, P = 0.113; 
Fig. 26). Female recruitment, however, 
was not influenced by yolk hormone 
treatment (F1,529 = 0.01, P = 0.93), either 
alone or in interaction with breeding event 
(F1,526 = 0.24, P = 0.622). In both sexes, 
survival decreased with age (males: F1,1081 
= 95.07, P < 0.001, estimate ± SE = -
0.572 ± 0.059; females: F1,1059 = 92.03, P 
< 0.001, estimate ± SE = -0.667 ± 0.069). 
Reproduction  
Considering surviving individuals, we 
observed an interaction effect between age 
and sex on the number of breeding at-
tempts (F1,464 = 5.69, P = 0.017): although 
both sexes increased their reproductive 
attempts at older ages (estimate ± SE 
(males) = 0.977 ± 0.410), males showed 
much lower probability to attempt breed-
ing than females at their first year post 
hatch. Breeding attempts were also affect-
ed significantly by the breeding event in 
which these individuals hatched in 2011
  
 
 
Table 10. Summary of final repeated-measures mixed models showing the effect of yolk androgen treatment on female breeding parameters 
(clutch size, egg volume, and offspring -F1- tarsus length, body condition fledging success), both for the first breeding season as all breeding 
seasons pooled. Models were run using Proc Mixed (SAS) with Satterthwaite correction to adjust the degrees of freedom. 
 
 
  Clutch size Egg volume F1 Tarsus length F1 body condition Fledging success 
 Independent variable d.f. F P d.f. F P d.f. F P d.f. F P d.f. F P 
First breeding 
season (2012) 
Treatment 1/82 4.80 0.031 1/74 4.22 0.043 1/35 5.77 0.0217 ─ ─ ─ ─ ─ ─ 
Breeding attempt 2/82 8.98 < 0.001 ─ ─ ─ 2/28.4 9.17 < 0.001 2/17.8 7.12 0.005 2/75.4 5.89 0.004 
Treat × Breeding 
attempt ─ ─ ─ ─ ─ ─ 2/28.4 5.28 0.011 ─ ─ ─ ─ ─ ─ 
Brood size ─ ─ ─ ─ ─ ─ ─ ─ ─ 1/36 26.89 < 0.001 ─ ─ ─ 
All breeding 
Seasons (2012- 
2014) 
Treatment 1/57.3 2.99 0.089 ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 
Breeding attempt 2/204 11.75 < 0.001 ─ ─ ─ 2/140 8.21 < 0.001 2/135 15.08 < 0.001 2/214 3.99 0.019 
Age 1/221 42.79  < 0.001 ─ ─ ─ 1/148 7.64 0.006 1/141 7.86 0.006 1/220 38.09 < 0.001 
Brood size ─ ─ ─ ─ ─ ─ ─ ─ ─ 1/137 14.65 < 0.001 ─ ─ ─ 
Egg volume ─ ─ ─ ─ ─ ─ ─ ─ ─ 1/120 5.29 0.023 ─ ─ ─ 
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Figure 26. Differences in male survival rate (i.e. residuals from final statistical models) 
according to treatment and breeding event from which they hatched in 2011 (white bars: 
control; black bars: androgen treated). Different letters above bars indicate significant 
differences (P < 0.05) between treatment groups based on Fisher’s post hoc compari-
sons. 
 
Figure 27. Differences in male breeding success shown as average per group, according 
to treatment and the breeding event from which they hatched in 2011 (white bars: con-
trol; black bars: androgen treated). Different letters above bars indicate significant dif-
ferences (P < 0.05) among treatment groups based on Fisher’s post hoc comparisons. 
(F1,464 = 4.2, P = 0.041): birds hatched in 
early clutches had a higher number of 
reproductive events than those hatched 
later (estimate ± SE (early) = 0.541 ± 
0.265). When analysing both sexes sepa-
rately, only males showed the above re-
ported positive effect of age (F1,263 = 
75.71, P < 0.001, estimate ± SE = 2.331 ±
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Table 11. Summary of final repeated-measures mixed models showing the effect of 
yolk androgen treatment on male breeding parameters (offspring -F1- tarsus length, 
body condition, and fledging success) for all breeding seasons. Models were run using 
Proc Mixed (SAS) with Satterthwaite correction to adjust the degrees of freedom. 
  F1 Tarsus length F1 body condition Fledging success 
 Independent  
variable 
d.f. F P d.f. F P d.f. F P 
Subsequent 
years (2012- 
2014) 
Treatment ─ ─ ─ ─ ─ ─ 1/141 4.12 0.044 
Breeding event 2/98.6 3.51 0.033 2/79.7 22.87 < 0.001 ─ ─ ─ 
Age 1/112 8.00 0.055 1/87.3 25.07 < 0.001 1/148 15.82 < 0.001 
Treat × Age ─ ─ ─ ─ ─ ─ 1/148 4.12 0.044 
Brood size ─ ─ ─ 1/74.5 3.34 0.072 ─ ─ ─ 
 
0.268). Although less markedly than 
males, females also increased the number 
of breeding attempts per year as they aged 
(F1,202 = 18.36, P < 0.001, estimate ± SE = 
1.329 ± 0.310). 
When analysing male breeding 
success, we found a significant interaction 
between treatment and the breeding event 
in which birds had hatched in 2011 (F1,92 
= 6.06, P = 0.016; Fig. 27). Androgen-
treatment had a detrimental effect on 
breeding success in those males hatched 
from late clutches, (F1,92 = 2.02, P = 
0.047, estimate ± SE = 2.890 ± 1.434), 
whereas there was a non-significant effect 
in the opposite direction in males hatched 
from early clutches (F1,92 = 1.88, P = 
0.063, estimate ± SE = 2.079 ± 1.107; Fig. 
27). In contrast, female breeding success 
was not affected by any of the variables 
considered (all P > 0.53). 
Breeding parameters 
Given the reproductive differences shown 
between males and females, we analyze 
the effect of our androgen treatment on 
breeding parameters separately for each 
sex and differentiating between first year 
and subsequent years.  
In the case of male parents, no 
breeding parameter was affected by treat-
ment or any other male variable in 2012 
(probably due to the reduced number of 
males that successfully breed at their first 
year of life (n = 3). On the other hand, for 
females at first reproductive year, clutch 
size and egg volume were affected by the 
androgen treatment (Tables 10 and S9), 
androgen-treated females laying fewer -
but larger- eggs. Clutch size also varied 
among breeding events (Tables 10 and 
S9): the number of eggs per nest in second 
clutches was lower than in firsts (F1,82 = 
3.00, P = 0.004, estimate ± SE = 0.745 ± 
0.248) and replacement clutches F1,82 = 
4.17, P < 0.001, estimate ± SE = 1.054 ± 
0.253). Regarding offspring (F1), nest-
lings from first and replacement clutches 
had longer tarsi than those hatched from 
second clutches (all P > 0.001). Tarsus 
length was affected by the interaction be-
tween treatment and breeding event in 
which they had hatched (Tables 10 and 
S9), showing that nestlings raised by an-
drogen-treated females had longer tarsi 
than those of control females, but only in 
second broods (F2,27.6 = 3.26, P = 0.003, 
estimate ± SE = -2.252 ± 0.691; Fig. 28). 
Fledging success and nestling condition 
were not affected by the androgen egg 
treatment administered to the mother (all 
P > 0.27). In general, nestlings that were 
raised in larger clutches were lighter (F1,38 
= 19.42, P < 0.001, estimate ± SE = 
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Figure 28. Average offspring (F1) tarsus length (mm), according to mother treatment 
and the breeding event from which nestlings hatched during the first reproductive year 
of females (white bars: control; black bars: androgen treated). Different letters above 
bars indicate significant differences (P < 0.05) among treatment groups based on Fish-
er’s post hoc comparisons. 
 
 
Figure 29. Differences in the average number of fledglings that left the nest, according 
to treatment and age of male recruits (broken line: control; solid line: androgen treated). 
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-4.699 ± 1.066). Also, those that hatched 
in second clutches had a lower weight 
(F2,38 = 11.99, P < 0.001, estimate ± SE 
(First) = 20.190 ± 4.135, estimate ± SE 
(replacement) = 18.655 ± 4.252) and a 
worse body condition (Tables 10 and S9) 
than the rest. Similarly, fledging success 
was affected by the breeding event where 
chicks were raised (Tables 10 and S9), 
showing higher fledging success in first 
and replacement broods as compared to 
second broods (F2,68.8= 3.03, P = 0.034, 
estimate ± SE = 0.291 ± 0.096 and F2,81.5 
= 3.06, P = 0.030, estimate ± SE = 0.303 
± 0.099, respectively). 
In order to assess whether our 
treatment affected the reproductive pa-
rameters of birds in subsequent years, we 
performed a repeated measures analysis 
for the three breeding seasons (2012-
2014). For male parents, fledgling success 
was explained by an interaction between 
treatment and age (Tables 11 and S10): 
the number of fledglings increased at old-
er ages, androgen-treated males showing 
higher fledgling success in the first and 
second breeding year, whereas in the third 
year, the pattern was inversed (Fig. 29). 
However, nestling body size and condition 
were not affected by male treatment (all P 
> 0.74); although both biometric variables 
were influenced by male age and the 
breeding event where chicks were raised 
(Tables 11 and S10). As males grew older, 
their nestlings were larger and had better 
body condition. The best scores for body 
condition were observed in chicks from 
replacement broods, as opposed to those 
developed in second broods (replacement 
> first > second broods, all P < 0.008), 
although this pattern was slightly different 
for body size (replacement > first = sec-
ond broods, all significant P < 0.048). In 
addition, nestling raised in larger broods 
had lower body condition (Tables 11 and 
S10). 
Androgen-treated females showed 
a slight non-significant tendency to lay 
fewer eggs than controls, although clutch 
size was mainly affected by age and the 
specific breeding event at which they re-
produce (Tables 10 and S9, all breeding 
event comparisons P < 0.023 where re-
placement > first > second clutches), in-
creasing the number of eggs at older ages 
and decreasing it at the end of each breed-
ing season. Egg volume, fledging success 
and other biometrical measures of nest-
lings, such as body size or condition, were 
not affected by female treatment (all P > 
0.16). Nestling body weight and body 
condition were conditioned by female age 
and breeding event (Tables 10 and S9). As 
females grew older, their chicks had better 
weight and body condition, while the best 
scores were observed in chicks from re-
placement broods, as opposed to those 
developed in second broods (replacement 
> first > second broods, all P < 0.035). 
Chicks raised in larger broods had lower 
body weight and condition (Tables 10 and 
S9). 
Fledging success and nestling body 
size were positively affected by female 
age (Tables 10 and S9). These two nestl-
ing variables were also affected by the 
breeding event in which chicks hatched 
(Tables 10 and S9), showing that fledging 
success was lower in second broods com-
pared to first and replacement broods 
(F2,200 = 1.73, P = 0.085 and F2,217 = 2.81, 
P = 0.005, respectively) while body size 
was higher in replacement broods and 
lower in second broods (replacement > 
first > second broods, all P < 0.011). 
Discussion 
Unlike short-term effects of maternal 
hormones that have been empirically ad-
dressed by several studies (for a recent 
revision see Ruuskanen, 2015), the long-
term consequences of such maternal ef-
fects remain largely speculative for most 
systems (Strasser and Schwabl, 2004; 
Daisley et al., 2005; Eising et al., 2006; 
Rubolini et al., 2006; Tschirren et al., 
2007; Müller et al., 2009; Müller and 
Eens, 2009). Here we show that an exper-
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imental elevation of yolk androgen levels 
in a wild passerine exerted long-term con-
sequences on multiple fitness-related traits 
at adulthood. We found that yolk andro-
gens enhanced the development of a key 
ornamental plumage trait in this species, 
the length of the throat feathers. Yolk an-
drogens exerted a detrimental effect on 
male survival, but only in those males 
hatching later in the season, whose sur-
vival was lower than controls. This could 
be associated to the adverse effect of yolk 
androgens on some components of the 
cellular immune response that was also 
detected. Despite this, the overall number 
of fledglings produced by males hatched 
from androgen-treated eggs was higher 
than that of controls during the first year, 
and this effect was reverted at older ages. 
In females, increased yolk androgens re-
duced clutch sizes, but increased the vol-
ume of the eggs laid. This resulted in larg-
er nestlings when breeding conditions 
were harsher in contrast to the offspring of 
control females. There has been debate 
about whether long term maternal hormo-
nal effects are the results of an organiza-
tional role of yolk androgen during devel-
opment that modifies long-term profiles 
(Welberg and Seckl, 2001; Dufty et al., 
2002; Weaver et al., 2004) or an indirect 
consequences of short-term effects drawn 
into adulthood (Carere and Balthazart, 
2007; Groothuis and Schwabl, 2008). Re-
gardless of this debate, mixes up ultimate 
and proximal levels of explanation (Krebs 
and Davies, 1997), this study shows sex-
specific long-lasting fitness consequences 
of a prenatal exposure to high levels of 
maternal androgens, as well as transgener-
ational effects of exposure to maternal 
hormones. 
Adult biometry 
We found the enhancing effect of yolk 
androgens on a key secondary sexual 
plumage trait, the length of the throat 
feathers, in both males and females. These 
feathers represent a sexually selected trait 
in spotless starling males (Hiraldo and 
Herrera, 1974; López-Rull et al., 2007; 
Gil and Culver, 2011), influencing female 
mating decisions (Aparicio et al., 2001). 
Male starlings actively display these 
feathers while singing during courtship. 
Although this ornamental trait is less de-
veloped in females, there is evidence sup-
porting a potential signalling role in fe-
males as well (López-Rull et al., 2007, 
2008). Therefore, our result points to an 
androgen-mediated mechanism by which 
also females could enhance offspring mat-
ing success. A similar enhancing role of 
maternal androgens on an adult feather 
ornament was found for the throat badge 
in male house sparrows (Strasser and 
Schwabl, 2004) or the nuptial plumage in 
male and female black-headed gulls (Eis-
ing et al., 2006). 
However, in contrast to plumage 
ornamentation, we found no effects of our 
experimental manipulation on adult size 
or condition. These results are consistent 
with those found in a previous study in 
which the same hormonal manipulation 
also had no effect on body size or condi-
tion of most of the nestlings, although 
androgen-treated chicks hatched in re-
placement clutches had a longer tarsus 
than controls (Muriel et al., 2015a). How-
ever, the effect of yolk androgens may 
differ at different time scales. For exam-
ple, it has been shown that tarsus length at 
fledging is significantly shorter in andro-
gen-treated young compared to controls 
but it do not differ between treatments 
into adulthood, while body condition at 
fledging do not differ between treatments, 
although it is positively affected by yolk 
androgen treatment in males at adulthood 
(Ruuskanen et al., 2012b). This is likely 
mediated by compensation in growth, a 
common pattern that has been shown to 
imply specific developmental costs 
(Metcalfe and Monaghan, 2001). 
Testosterone levels, WBC counts and sur-
vival 
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Our results showed long-lasting conse-
quences of yolk androgens on immuno-
physiological characteristics of the indi-
vidual. The immunosuppressive effect of 
androgens (e.g., Folstad and Karter, 1992; 
Duffy et al., 2000) has been repeatedly 
found in nestlings hatching from andro-
gen-injected eggs (Groothuis et al., 2005; 
Müller et al., 2005; Navara et al., 2006; 
Sandell et al., 2009 but see Tschirren et 
al., 2005; Andersson et al., 2004). How-
ever, the very few long-term studies have 
only shown positive effects on humoral 
immunity (Tobler et al., 2010) or no effect 
on cell-mediated immunity (Tobler et al., 
2010; Cucco et al., 2008; Ruuskanen et 
al., 2013). We found several differences 
in haematological composition that sug-
gest a differential immune effect. In the 
first breeding season, androgen-treated 
males showed a tendency to have fewer 
circulating lymphocytes than controls, 
which could evidence an immunological 
cost since these cells have a key role in 
acquired immune responses due to its high 
antigenic specificity (Campbell and Ellis, 
2007; Roitt et al., 2001; Janeway et al., 
1999). In addition, based on differential 
WBC counts, we found that androgen-
treated recruits tended have a higher 
chronic stress than controls, as defined by 
their higher H/L ratio (Gross and Siegel, 
1983; Davis et al., 2008). One possible 
explanation is that, mainly in their first 
reproductive year, the immunosuppressive 
effect of androgens led more susceptible 
recruits to any infection, where phagocytic 
heterophils (as components of nonspecific 
immunity) were elevated due to potential 
action in combating infection (Maxwell, 
1993) and/or lymphocyte levels were low 
as part of the general response to stress 
(Dein, 1986). Accordingly, androgen-
treated recruits also had elevated eosino-
phils relative to controls, perhaps due to 
activation of the innate immune defences 
because of a higher presence of parasites 
(Hawkey et al., 1983; Campbell and Ellis, 
2007; Roitt et al., 2001). 
Our experimental hormone manip-
ulation strongly affected survival proba-
bilities in males, with an interaction with 
timing of brood: whereas androgen-
treatment males from late broods suffered 
reduced survival, the pattern was reversed 
in early clutches, with androgen-treatment 
males showing a trend for higher survival. 
Female survival, in contrast, was not af-
fected by yolk hormone manipulations. 
These results are consistent with a similar 
study conducted in collared flycatchers 
(Ruuskanen et al., 2012a), in which yolk 
androgen elevation lowered the local re-
cruitment rate of male, but not female 
offspring (but see Rutkowska and Cichoń, 
2006). The differential effect that we 
found in relation to timing of brood is in 
agreement with our data on the early de-
velopment of these birds (Muriel et al., 
2015a). As nestlings, we found a similar 
brood effect on overall nestling survival, 
as well as reduced body condition in an-
drogen-treated nestlings hatching from 
late broods. Late clutches are laid in the 
advanced breeding season, and experience 
higher chick mortality than in early 
broods, suggesting that the harsher envi-
ronmental conditions experienced during 
late broods might reinforce the costs of 
high yolk androgen levels. This result is in 
agreement with the pattern of reduced 
yolk androgens allocation in second in 
comparison to first clutches (López-Rull 
et al., 2010). Since nestling immunity has 
been shown to influence post-fledging 
recruitment (López-Rull et al., 2011), the 
afore mentioned effects of yolk androgens 
on nestling immunity may have contribut-
ed to the lower survival rate of androgen-
treated males hatched from late clutches. 
Interestingly, the negative impact 
of yolk androgens on survival rate was 
restricted to males, whereas no effect was 
detected in females. This is likely due to 
sexual differences in susceptibility to an-
drogens between males and females (see 
Badyaev, 2002), which could enhance the 
potential costs of these in the former, as 
found here for cellular immunological 
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parameters. In this sense, it is important to 
remark that we did not find any effect of 
yolk androgen manipulation on testos-
terone levels in the adulthood in any sex. 
This suggests that, rather than differences 
in hormonal state in adulthood, the ob-
served pattern responds to long-term or-
ganizational effects of yolk androgen ma-
nipulation (Welberg and Sekl, 2001; 
Dufty et al., 2002). 
The reduced body condition at 
fledging of nestlings hatched from late 
clutches (Muriel et al., 2015a) might have 
imposed a stronger handicap for survival 
in males as compared to females, as males 
face a stronger intrasexual competition for 
nesting places than females (as reflected 
by their lower success to establish as 
breeders in their first year of life) (Veiga 
et al., 2002; this study). In addition, it is 
likely that males, being the larger sex, pay 
an extra developmental and physiological 
cost, as shown before in other species 
(Fargallo et al., 2002; Müller et al., 2003). 
The contrasting reproductive roles and 
ecological trade-offs among sexes likely 
reinforce the observed sex-dependent 
costs of yolk androgens. 
In addition to higher mortality, the 
lower survival of androgen-treated males 
from late broods could be explained by a 
higher dispersal probability of this group 
(see Tschirren et al., 2007). However, the 
fact that the negative impact of increased 
yolk androgens on survival was observed 
only in males hatched from late broods 
makes this unlikely, as there is wide evi-
dence that late clutches often actually re-
sult in lower fledgling survival and later 
recruitment rate in birds (e.g. Lack, 1968; 
Price et al., 1998). Our results also 
showed that overall survival rate de-
creased with increasing age, as expected. 
Female lifespan was shorter than that of 
males, probably due to their higher repro-
ductive investment (e.g. Jimeno et al., 
2014) and that first-time breeders often 
pay a higher survival cost if they attempt 
to breed at a young age (Williams, 1957; 
Pyle et al., 1997). 
Reproduction 
The overall number of breeding attempts 
per year, successful or not, increased as 
individuals grew older, probably due to 
the higher quality and experience of the 
survivors, which probably increased their 
resource-holding potential. However, both 
female and male recruits that hatched 
from early clutches performed better than 
those coming from late clutches. This was 
likely due to the superior body condition 
of chicks from early broods (Salaberria et 
al., 2014; Muriel et al., 2015a), together 
with the more favourable environmental 
conditions that they encountered at fledg-
ing (Ilyina et al., 2013). Despite the higher 
survival rate of males in their first year of 
life, very few managed to breed, whereas 
females were more successful overall as 
first year breeders. This is a well-known 
pattern in other similar starling species 
(Feare, 1984). 
Overall, the reproductive success 
(number of fledglings produced, consider-
ing only those broods where at least one 
fledged) of starlings improved with age, 
probably as a result of improved foraging, 
breeding skills and resource-holding po-
tential (e.g., see Mauck et al., 2004). The 
general pattern for birds is usually an in-
verse U-shaped curve of age-related 
changes in breeding success (Clutton-
Brock, 1984; Curio, 1983; Newton, 1989), 
our study only covered the first three 
years of life of our cohort. Given that star-
lings can live up to 8 or 9 years (Veiga 
and Polo, 2011), our time frame seems too 
short to detect a hypothetically quadratic 
pattern. Regarding the effects of our hor-
monal manipulation, we found sex-
specific and context-dependent effect of 
yolk androgens. Androgen-treated males 
hatched in late clutches were reproduc-
tively less successful than controls or 
those androgen-treated males hatched in 
early clutches. The underlying proximate 
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mechanisms explaining this pattern are 
likely similar to those described for sur-
vival rate (see above). Androgen-treated 
males hatching from late broods that sur-
vived and managed to reproduce still 
showed a reduced performance possibly 
because of the detrimental combination of 
high androgens and harsh environmental 
conditions in late clutches (Muriel et al., 
2015a). 
Breeding parameters 
We found that, during their first breeding 
season, androgen-treated females reduced 
clutch size and increased the average vol-
ume of the eggs laid with respect to con-
trol. These results are consistent with pre-
vious evidence for the same species 
(Veiga and Polo, 2008; but see López-
Rull and Gil, 2009), as well as for zebra 
finches (Rutkowska et al., 2005), which 
found that females with testosterone im-
plants laid fewer eggs per year, but eggs 
were heavier than those laid by control 
females. These studies suggested a trade-
off between clutch size and egg size 
which is in line with the general life-
history trade-off between size and number 
of offspring (Stearns, 1992). We hypothe-
sise that elevated circulating T might 
stimulate higher investment in eggs but at 
the expense of laying fewer eggs. Alt-
hough we did not find differences in pre-
breeding plasma testosterone between 
control and androgen-treated females, 
levels might have changed later during 
ovulation. Thus, our data would support 
an organizational role of early exposure to 
testosterone, whereby androgen-treated 
females would prioritize quality versus 
quantity (Williams, 2001). Importantly, 
we have recently shown in this species 
that egg size exert positive effects perva-
sive throughout the nestling period (Muri-
el et al., 2013). Consistently with this, we 
found that nestlings of these androgen-
treated females were indeed larger at 
fledging in second broods. However, these 
effects of yolk androgens on first female 
reproduction vanished in the following 
years. Interestingly, another study has 
found that females treated with an anti-
oestrogen as adults produce larger clutch-
es with smaller eggs (Williams, 2001). 
The mechanism behind these changes is 
difficult to unravel, since the interplay 
between biomolecules (e.g. enzymes) and 
steroids is complex and tissue-dependent, 
but this evidence suggests that an im-
portant life-history trade-off could be ma-
nipulated by hormonal exposure. 
In agreement with evidence from a 
similar study conducted in a wild breeding 
population of collared flycatchers (Ruus-
kanen et al., 2012a), our experimental 
increase in yolk androgens in females did 
not affect the fledging success of their 
offspring. In our study population the 
number of fledglings decreases over the 
breeding season (e.g., López-Rull et al., 
2011; Muriel et al., 2015a), and increases 
as females reach 2-3 years of age (Polo 
and Veiga, 2006). However, in the case of 
males, we found an age-specific effect of 
treatment on fledging success. Androgen-
treated males produced more fledglings 
than controls at their first and second year 
of age, but but the pattern tended to re-
verse at their third year. One possible ex-
planation for this result is that yolk andro-
gens promoted a higher investment of 
treated males in reproduction at their first 
years of life, which would be detrimental 
at older ages (this is reminiscent of a pat-
tern of “live fast, die young” pace of life, 
e.g. Hamilton and Zuk, 1982; Balenger 
and Zuk, 2014). The mechanism could 
actually be due to androgen-treated males 
attracting higher quality females, thanks to 
the enhanced development of their throat 
ornamental feathers (Aparicio et al., 
2001). In addition, literature shows fe-
males typically invest higher levels of 
resources in the offspring of attractive 
males (e.g. Gil et al., 1999; Alonso-
Alvarez et al., 2012). Given that throat 
feather length naturally increases with age 
(Hiraldo and Herrera, 1974), the ad-
vantage conferred by androgen levels 
would be noticeable mostly at early ages, 
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but would be offset as males grow older, 
thus explaining the age-by-treatment pat-
tern detected. 
Concluding remarks 
This study complements previous results 
on this avian population, where we high-
lighted the adaptive value of the short-
term and context-dependent effects of 
yolk androgens (Muriel et al., 2015a). By 
following surviving offspring in the field 
for three years we were able to show that 
yolk androgens also exert long-lasting 
effects on key life history traits, modify-
ing trade-offs among them, as well as in-
ducing transgenerational changes. These 
long-term effects often emerged in a sex-
specific way, showing that the develop-
mental processes that androgens modify 
are sex-specific. Long-term effects of yolk 
androgens in males had implications for 
sexual selection, favouring large second-
ary sexual traits. However the potential 
subsequent benefits in terms of mating 
success benefits might be balanced by a 
decrease in survival in those birds experi-
encing tough conditions during the nestl-
ing period (Muriel et al., 2015a). In fe-
males, yolk androgens did not exert long-
term effects on survival, but had a greater 
impact on its reproductive physiology and 
fertility, particularly in their first year of 
life. These findings give support the idea 
that maternal androgen allocation is likely 
limited by a sexual conflict in which the 
reproduction of sons and daughters is af-
fected in different ways by the same phe-
notypic modification, as well as by 
transgenerational effects on male and fe-
male offspring (Rubolini et al., 2007). 
Therefore, this study supports the exist-
ence of phenotypic plasticity mediated by 
hormone-related maternal effects which 
entails direct effects on offspring fitness 
(e.g. Mousseau and Fox, 1998a; Badyaev 
and Uller, 2009). Since males and females 
have different reproductive roles and eco-
logical trade-offs, future studies should 
explore in more detail the sex-specific 
effects of yolk androgens on mating be-
haviour and lifetime breeding success. 
Understanding the lifetime sex- and con-
text-dependent effects of yolk androgens 
is essential to fully appraise the adaptive 
importance of the hormone mediated ma-
ternal effects as well as the potential con-
straints shaping their contribution to indi-
vidual fitness. 
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Supplementary Table S8. Summary of final repeated-measures mixed models showing 
the estimates and standard error (estimate ± SE) of all the variables affecting adult body 
size, body weight, body condition and ornamental feather length. Models were run 
using Proc Mixed with Satterthwaite correction to adjust the degrees of freedom. Fixed 
factors were coded as treatment (control and androgen treated) and sex (male and 
female). Age was measured in years. 
 
 Body size Body weight Body condition Ornamental feather length 
Independent 
variable Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE 
Intercept -1.404 ± 0.373 88.19 ± 2.343 1.155 ± 0.434 17.375 ± 0.645 
Treatment (control) ─ ─ ─ -1.311 ± 0.493 
Sex (male) 0.913 ± 0.142 4.325 ± 0.647 ─ 10.422 ± 0.479 
Age 0.160 ± 0.057 0.866 ± 0.406 ─ 3.308 ± 0.267 
Capture date ─ 0.053 ± 0.016 0.010 ± 0.004 ─ 
 
Supplementary Table S9. Summary of final repeated-measures mixed models showing 
the estimates and standard error (estimate ± SE) of all the variables affecting clutch size, 
egg volume, and offspring (F1) tarsus length, body condition and fledging success of 
female recruits, both for the first breeding season as all breeding seasons pooled. 
Models were run using Proc Mixed with Satterthwaite correction to adjust the degrees 
of freedom. Fixed factors were coded as treatment (control and androgen treated) and 
breeding event (first, replacement and second brood). Age was measured in years. 
 
  Clutch size Egg volume F1 Tarsus 
length 
F1 body 
condition 
Fledging 
success 
 Independent variable Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE 
First breeding 
season  
(2012) 
Intercept 3.295 ± 0.216 6451.4 ± 72.51 29.74 ± 0.487 0.9833 ± 0.3847 0.1231 ± 0.07499 
Treatment (Control) 0.434 ± 0.198 205.3 ± 99.95 -2.252 ± 0.691 ─ ─ 
Breeding event (First) 0.745 ± 0.248 ─ 0.407 ± 0.501 1.2700 ± 0.3365 0.2907 ± 0.09583 
Breeding event 
(Replacement) 1.054 ± 0.253 ─ 0.312 ± 0.572 1.1478 ± 0.3711 0.3035 ± 0.09903 
Treat × Breeding event 
(First, Control) ─ ─ 2.135 ± 0.712 ─ ─ 
Treat × Breeding event 
(Replacement, Control) ─ ─ 2.449 ± 0.783 ─ ─ 
Brood size ─ ─ ─ -0.535 ± 0.103 ─ 
All breeding 
seasons 
(2012-2014) 
Intercept 3.104 ± 0.213 ─ 29.17 ± 0.244 -2.315 ± 0.950 -2.015 ± 0.509 
Treatment(Control) 0.229 ± 0.132 ─ ─ ─ ─ 
Breeding event (First) 0.467 ± 0.140 ─ 0.347 ± 0.142 0.699 ± 0.155 0.445 ± 0.257 
Breeding event 
(Replacement) 0.844 ± 0.179 ─ 0.783 ± 0.194 1.056 ± 0.204 0.909 ± 0.324 
Age 0.553 ± 0.084 ─ 0.249 ± 0.089 0.264 ± 0.094 0.985 ± 0.159 
Brood size ─ ─ ─ -0.229 ± 0.059 ─ 
 Egg volume ─ ─ ─ 0.001 ± 0.001 ─ 
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Supplementary Table S10. Summary of final repeated-measures mixed models 
showing the estimates and standard error (estimate ± SE) of all the variables affecting 
male breeding parameters (offspring -F1- tarsus length, body condition, and fledging 
success) for all breeding seasons. Models were run using Proc Mixed with Satterthwaite 
correction to adjust the degrees of freedom. Fixed factors were coded as treatment 
(control and androgen treated) and breeding event (first, replacement and second 
brood). Age was measured in years. 
 
  F1 Tarsus length F1 body condition Fledging success 
 Independent variable Estimate ± SE Estimate ± SE Estimate ± SE 
All breeding 
seasons 
(2012-2014) 
Intercept 29.021 ± 0.348 -120.6 ± 16.79 1.497 ± 0.860 
Treatment (Control) ─ ─ -2.751 ± 1.356 
Breeding event (First) -0.112 ± 0.151 4.439 ± 0.815 ─ 
Breeding event 
(Replacement) 0.448 ± 0.224 8.156 ± 1.435 ─ 
Age 0.375 ± 0.132 4.245 ± 0.848 0.546 ± 0.358 
Treat × Age ─ ─ 1.139 ± 0.561 
 Brood size ─ -0.575 ± 0.315 ─ 
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The general aim of this Thesis is to study 
the importance of maternally derived an-
drogens on offspring performance, which 
is essential to evaluate their role in medi-
ating fitness differences between different 
phenotypes. Hormone-mediated maternal 
effects, such as those derived from expo-
sure to yolk androgens during early devel-
opment in birds, may exert variable ef-
fects on several offspring life-history traits 
(Groothuis et al., 2005a; Gil, 2008; Ruus-
kanen, 2015), but their adaptive value is at 
present unclear. In short, several studies 
have shown that yolk androgens improve 
nestling growth and survival (Schwabl, 
1993; Eising et al., 2001; Pilz et al., 
2004), while other studies have found the 
opposite effect (Sockman and Schwabl, 
2000; Rubolini et al., 2006). In line with 
the inconsistent effects on growth, the 
evidence of a negative effect of androgens 
on immune response is mixed: although 
most studies reported a clear immunosup-
pressive effect (Müller et al., 2005; Nava-
ra et al., 2005; Sandell et al., 2009), in 
other cases androgen injection did not 
influence the immunity (Tschirren et al., 
2005; Rubolini et al., 2006; Pitala et al., 
2009) and even exerted a positive effect 
(Navara et al., 2006). Similarly, the few 
studies that have analysed the long-lasting 
effects of yolk androgens have reported 
both positive (Strasser and Schwabl, 2004; 
Eising et al., 2006) and negative effects 
(Rubolini et al., 2006; Bonisoli-Alquati et 
al., 2011) on adult sexual ornaments. 
Through the different chapters of this 
Thesis, we have assessed several factors 
that could explain, to some extent, the 
above mentioned mixed evidences of the 
effects of yolk androgens, namely: the 
particular effects of each specific yolk 
androgen, the existence of linear and non-
linear dose-dependent effects, and the 
context-dependent balance between costs 
and benefits of these hormones. Also, in 
order to evaluate the fitness consequences 
of maternal androgens, we assessed their 
long-term effects on individual phenotype, 
survival and breeding output. 
In Chapter I, we tested the differ-
ential effect of physiological in-ovo injec-
tions of two different androgens (T and 
A4) and their combination in embryo and 
nestling growth in the spotless starling. 
We found different effects of both andro-
gens on embryonic and nestling develop-
ment, suggesting that their effects vary 
depending on the developmental phase 
considered and on specific androgenic 
pathway (Navara et al., 2005; Rubolini et 
al., 2006; von Engelhardt et al., 2009). 
Duration of the embryonic period was 
increased by T and less so by A4, but not 
by the combination T+A4. Body condition 
was reduced in all experimental treat-
ments where A4 was present, particularly 
so in the combination T+A4. The combi-
nation T+A4 showed a strong reduction in 
male growth, also limited to that early 
period, since differences disappeared at 
the end of nestling period. Cell-mediated 
immune responsiveness, at least at the end 
of the nestling period, was only marginal-
ly affected by the interaction between 
treatment and sex. These patterns suggest 
that in this species, T has a stronger influ-
ence during embryo development than A4, 
whereas during nestling development the 
capacities of both androgens to influence 
growth are similar. The combination 
T+A4 showed non-additive effects, sug-
gesting some kind of inhibition between 
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the two androgens. A similar pattern was 
found in a comparative analysis (Schwabl 
et al., 2007), in which species-specific 
differences in T were more strongly corre-
lated with embryo than with nestling de-
velopmental periods. Our study therefore 
reveals that yolk A4 and yolk T are asso-
ciated with different biological conse-
quences (see also Hegyi et al., 2011; 
Tschirren et al., 2014), suggesting a com-
plex picture of sex and age-dependent 
effects of both yolk androgens. 
Another important issue that has 
been overlooked in previous research is 
the likely non-linear nature of hormone 
effects. Since complex dose-response pat-
terns may shift the balance from benefits 
to costs (Navara et al., 2005; Bhasin et al., 
2001), in Chapter II we experimentally 
tested the differential effect of physiologi-
cal in-ovo injections of the naturally-
occurring mixture of yolk T and A4 at 
three different doses on offspring devel-
opment and immune responsiveness. We 
found that yolk androgens show a non-
linear dose-response pattern for several 
traits. Thus, androgens had a stimulatory 
effect on hatching body mass and nestling 
skeletal growth, but maximum values 
were found at intermediate doses, whereas 
our highest dose resulted in a decrease. 
Our results are consistent with other stud-
ies which have found that prenatal expo-
sure to androgens can have positive ef-
fects on growth (Eising et al., 2001; 
Schwabl, 1996; Bentz et al., 2013; but see 
Chapter I), probably mediated by an in-
crease in metabolic rate (Tobler et al., 
2007). In addition, our finding on nestling 
growth is consistent with a similar trend 
described by Navara and co-authors 
(2005) who found that moderate levels 
yolk T, but not the high dose, tended to 
have a stimulatory effect on nestling size. 
However, the opposite U-shaped effect 
was found on nestling body mass. Low- 
and intermediate-doses may derive a 
weight advantage from fast hatching, but 
this difference may not be enough to off-
set the costs and increase mass according-
ly. This pattern may be explained if body 
mass and skeletal growth trade-off against 
each other. Similarly, in Chapter I we 
found a reduction in body condition of T + 
A4 nestling group (1 SD). We also detect-
ed linear negative and positive effects on 
embryonic development period (Eising et 
al., 2001; Eising and Groothuis, 2003; but 
see Chapter I), and nestling gape width 
(Müller et al., 2007), respectively. In 
Chapter I, no differences were observed 
on embryonic developmental period from 
eggs injected with T + A4, but in that case 
the injected dose was smaller (only 1 SD 
of the population mean). During this ini-
tial period of nestling development, chick 
survival strongly depends on attracting 
parental feedings (Gil et al., 2008), so it 
makes sense that gape growth should be 
particularly labile during this time. Our 
results suggest differential tissue respon-
siveness to yolk androgens, which may 
result in compromises in maternal alloca-
tion to produce adapted phenotypes. Also, 
from an adaptive perspective, our results 
shed some light to the observed variability 
in maternal androgen allocation. Given the 
suboptimal cost/benefits balance at high 
androgen concentrations, females would 
not be subject to directional selection to 
allocate more androgens to the egg yolk, 
but this maternal transfer would rather be 
fitted to individually optimal –not neces-
sarily highest- levels. Indeed, as found in 
Chapter IV, variation in maternal andro-
gen allocation to eggs could be explained 
as the result of context-dependent optimal 
strategies to maximize offspring fitness. 
Maternal accurate modulation of yolk 
androgens could therefore be an adaptive 
strategy to handle the context- and dose-
dependent effect of androgens (e.g. Mar-
tinez-Padilla et al., 2010; Martínez-Padilla 
et al., 2014). Given the non-linear dose-
response patterns found, future investiga-
tions should carefully consider the natural 
variability of yolk androgen levels in their 
study population, and hence adjust hor-
monal manipulations within the physio-
logical range, since the balance of costs 
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and benefits may strongly differ depend-
ing on concentration. 
As said above, although Chapter II 
showed how nestlings benefit from in-
creased yolk androgens in terms of en-
hanced growth, high levels of yolk andro-
gens can also involve costs (Groothuis et 
al., 2005b). In fact, the accelerated growth 
induced by yolk androgens, may lead sup-
pression of immune responsiveness be-
cause of the trade-off between accelerated 
growth and immune function (Groothuis 
et al., 2005b; Müller et al., 2005; Sandell 
et al., 2009). However, very few avian 
studies have examined dose-dependent 
immunological consequences of yolk an-
drogens (e.g. Norton and Wira, 1977; 
Navara et al., 2006). Unlike for nestling 
growth, in Chapter III we did not detect a 
complex dose-response pattern for immu-
nological parameters. By contrast, we 
showed that experimentally increased yolk 
androgens led to sex-specific immunosup-
pression of two measures of innate and 
adaptive axes of the immune system. Both 
cell-mediated immune response and lyso-
zyme activity decreased with increasing 
androgen injections in the egg in the case 
of male nestlings, whereas there were no 
effects on females. These results are con-
sistent with Chapter I, where male chicks 
that hatched from yolk androgen-treated 
eggs suffered a slight suppressive effect 
on cell-mediated immune responsiveness. 
Since male and females chicks in our 
study species have similar levels of testos-
terone (Gil et al., 2008; Müller et al., 
2007), their larger immune susceptibility 
should arise by differences in hormone 
metabolism or function (Duffy et al., 
2000; Fargallo et al., 2002; Møller et al., 
1998; Moreno et al., 2001). We found no 
effects of the experimental treatment on 
humoral immunity (haemolysis - aggluti-
nation assays), but these measures were 
negatively correlated to cell-mediated 
response, suggesting negative covariance 
among different branches of the immune 
system (Forsman et al., 2008; Palacios et 
al., 2007). Thus, our results show that in 
our study species, yolk androgens induce 
immunosuppression in some axes of the 
immune system in male nestlings. Given 
the complex nature and interconnection of 
the different axes of the immune system, 
this does not allow us to predict how other 
components of the immune response 
could be affected by yolk androgens. 
Likely, yolk androgens may prime the 
development of some components of the 
immune system contrasted ways (Sandell 
et al., 2009); showing sex- and context-
specific effects (Chapter IV). 
Apart from the effects of the dose-
dependent effects addressed in Chapters II 
and III, the balance between costs and 
benefits of androgen allocation is ex-
pected to be affected by the environmental 
context where the nestling is growing. 
However, such hypothetical context-
dependent effect of yolk androgens on 
offspring physiology has been scarcely 
explored. In Chapter IV we investigated 
whether the effects of yolk androgens on 
nestling development and immunity 
changed depending on the breeding at-
tempt, as the environmental conditions 
become harsher (Salaberria et al., 2014) 
and parental energetic reserves are gradu-
ally reduced as the breeding season ad-
vances (Verhulst and Tinbergen, 1991; 
Reed and Clark, 2011). Both in first and 
replacement broods, the embryonic devel-
opment period was shorter for androgen-
treated chicks than controls, but there 
were no differences in second broods. 
These results are consistent with those 
found in Chapter II, although in that case 
nestling monitoring was not considered in 
second broods. In replacement broods, 
androgen-treated chicks were heavier and 
larger than those hatched from control 
eggs, but this effect was not observed in 
the other breeding attempts. Again, this is 
consistent with Chapter II where chicks 
hatched from eggs injected with the same 
androgen dose used here where bigger 
than controls. A possible explanation for 
this particularly high sensitiveness of re-
placement broods to androgen injections 
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is that females laying a replacement clutch 
suffered stronger resource limitations due 
to their double laying effort (Hipfner et 
al., 1999; Gasparini et al., 2006; but see 
Gasparini et al., 2007), and it is possible 
that yolk androgen injection may have 
compensated to some extent this con-
straint, bolstering nestling development of 
experimental clutches. By contrast, andro-
gen exposure reduced survival with re-
spect to controls only in second broods. 
Regarding immune function, we detected 
marginally significant trends for androgen 
treatment to activate two important com-
ponents of innate and adaptive immunity 
(IL-6 and Ig-A levels, respectively), sug-
gesting that an inflammatory process is 
taking place in chicks hatched from an-
drogen-treated eggs. Also, cell-mediated 
adaptive immunity, measured as prolifera-
tion of T-cells, was higher in androgen-
treated chicks than in controls in first 
broods, whereas the opposite pattern was 
found in second broods. Unfortunately, 
we cannot directly compare the patterns 
found for cell-mediated immunity in 
Chapter IV with those reported in Chapter 
III, as in the latter we used a different im-
munological test that not only involves 
proliferation of T-cells but also the secre-
tion of proinflammatory cytokines, baso-
phils, heterophils, and macrophages (Mar-
tin et al., 2006; Salaberria et al., 2013), 
and thus involves both innate and adaptive 
components of the immune system (Bí-
lková et al., 2015; Stadecker et al., 1977). 
In any case, the results of Chapter IV sug-
gest that, in a context in which breeding 
conditions become harsher with the pro-
gress of the season, decreased survival of 
androgen-treated chicks may be ex-
plained, at least partly, by a greater sus-
ceptibility of these nestlings to disease 
(Folstad and Karter, 1992; Buchanan et 
al., 2003; Roberts et al., 2004; Navara et 
al., 2005; but see Evans et al., 2000; 
Navara et al., 2006). This difference in the 
effects of yolk androgens on first vs. sec-
ond broods could be mediated, in the last 
term, by differences in environmental 
food availability, as it is known that nutri-
tional status influences immune responses 
(Norris and Evans, 2000; Zuk and Stoehr, 
2002). The seasonal variation in maternal 
androgen allocation to eggs detected in 
this and other species (López-Rull et al., 
2010; Vergauwen et al., 2012) could 
therefore be an adaptive adjustment result-
ing from an optimal context-dependent 
optimal strategy to maximize offspring 
fitness. 
In Chapters I to IV we addressed 
short term hormone-mediated maternal 
effects on developmental and physiologi-
cal traits of offspring. But, do yolk andro-
gens exert significant effects on fitness-
related traits at adulthood? Relatively few 
studies have analysed the long-term ef-
fects of yolk androgens on individual phe-
notype and performance. In Chapter IV 
we experimentally manipulated yolk an-
drogen levels on 497 clutches, subse-
quently monitoring adult phenotype, im-
mune function, recruitment and breeding 
output in the following three breeding 
seasons (Chapter V). We found that yolk 
androgens enhanced the development of a 
key ornamental plumage trait in this spe-
cies at adulthood, the length of the throat 
feathers. Therefore, our result points to an 
androgen-mediated mechanism by which 
females could enhance offspring mating 
success. However, these positive effects 
of yolk androgens were offset by costs in 
a context- and sex-specific way. Thus, 
yolk androgens exerted a detrimental ef-
fect on male recruitment, but only in those 
males hatching later in the season, whose 
recruitment was lower than controls. In 
the analysis of growth of these birds as 
nestlings in Chapter IV, we showed the 
same context-dependent effect in overall 
nestling survival, as well as a reduced 
body size and weight in the surviving 
nestlings hatching from androgen treated 
clutches. This reduction in male survival 
could be associated with the adverse effect 
of yolk androgens on some components of 
the immune function that was also detect-
ed (Chapter III and IV). It could be possi-
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ble that the poorer body condition at 
fledging of nestling hatched from andro-
gen-treated eggs in late clutches (Chapter 
IV) might have imposed a stronger handi-
cap for survival in males as compared to 
females, since males face a stronger in-
trasexual competition for nesting places 
than females (Veiga et al., 2002; Chapter 
V). The contrasting reproductive roles and 
ecological trade-offs among sexes likely 
underlie the observed sex-dependent costs 
of yolk androgens. In addition, as dis-
cussed in Chapter III, it is coherent that 
males pay an extra immunological cost, as 
has often been shown in several studies 
across a diverse range of species (e.g. 
Fargallo et al., 2002; Lobato et al., 2008; 
Müller et al., 2003). Despite this, the 
number of chicks fledged by androgen-
treated males was higher than that of con-
trols at first years, although this effect was 
reverted at later in life. One possible ex-
planation for this result is that yolk andro-
gens promoted a higher investment of 
treated males in reproduction at their first 
years of life, which would be detrimental 
at older ages (e.g. Hamilton and Zuk, 
1982; Balenger and Zuk, 2014). Alterna-
tively, it is also possible that androgen 
treated males resulted more attractive to 
females (Aparicio et al., 2001), due to 
their larger development of feather orna-
ments (see above). This would result in 
higher chances to mate with higher quality 
females that would in turn invest more 
resources in current reproduction (Gil et 
al., 1999; Sheldon, 2000; Harris and Uller, 
2009). Given that throat feather length 
naturally increases with age (Salaberria, 
2011), the advantage conferred by andro-
gen levels would be noticeable mostly at 
early ages, but would be offset as males 
grow older, thus explaining the age-by-
treatment pattern detected. On the other 
hand, we found that, during their first 
breeding season, androgen-treated females 
reduced clutch size and increased the av-
erage volume of the eggs laid with respect 
to controls. Such trade-off between clutch 
size and egg size is in line with the gen-
eral life-history trade-off between size and 
number of offspring (Williams, 2001). 
Thus, our data could support an organiza-
tional role of early exposure to androgens, 
whereby androgen-treated females would 
prioritize quality versus quantity. Beyond 
transmission of maternally-derived sub-
stances, avian maternal effects could be 
also related with egg size and quality 
(Rubolini et al., 2011). In this regard, as 
we have shown in Chapter I, egg size ex-
erts long-lasting positive effects through-
out the nestling period (Muriel et al., 
2013). Consistently with this, we found 
that nestlings raised by these androgen-
treated females were indeed larger at 
fledging in second clutches. Taken togeth-
er, the results of Chapter V demonstrate 
that maternally derived androgens can 
modify offspring adult phenotype, affect-
ing key life-history traits, and also induc-
ing transgenerational changes. 
To conclude with, our findings 
support the importance of hormone-
mediated maternal effects on individual 
phenotypic plasticity, as well as how these 
effects may vary depending on additional 
factors, such as embryo sex, developmen-
tal phase, type and concentration of an-
drogens, and environmental context. Vari-
ations in yolk androgen levels exert both 
short- and long-term effects on different 
life-history traits that ultimately impact on 
offspring fitness. Thus, this Thesis high-
lights the implication of maternally de-
rived androgens on offspring perfor-
mance, adding support to their potential 
role in adaptive processes. 
Outstanding questions 
Since our own results reveal that yolk A4 
and yolk T are associated with different 
biological consequences, future studies in 
hormone-mediated maternal effects 
should explore separately their sex- and 
context-specific effects in as many life 
stages as possible. This would be im-
portant to improve our understanding of 
the adaptive significance of each yolk 
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androgen as physiological mediator and 
modulator of life history trade-offs. For 
instance, their concentrations could not 
only affect differentially to sons and 
daughters because of their sex-specific 
sensitivity, but their effects can also differ 
depending on the context where the off-
spring develop. Also, we highlight the 
necessity of further research on the prox-
imate physiological and molecular mech-
anisms underlying hormone deposition in 
the egg yolk, the embryonic utilization of 
yolk androgens and the pleiotropic actions 
of these maternal hormones, which may 
also differ among each specific yolk an-
drogen. This aspect warrants particular 
consideration since mechanisms can de-
termine and limit, via physiological trade-
offs, the adaptive potential of yolk andro-
gens. Also, a better understanding of these 
physiological mechanisms may shed light 
on the ability of androgens to influence 
the expression of suites of correlated traits 
(Groothuis and Schwabl, 2008). 
Besides their implications for a 
better understanding of the effects of yolk 
androgens on offspring development, our 
results beg the question of why there is 
individual variation in androgen allocation 
among females. The answer may lay not 
only in the potential costs for offspring in 
the short- or long-term, as shown here, but 
also in just how costly is for females the 
mobilization and allocation of yolk andro-
gens per se. To date, few studies have 
addressed the mechanistic aspects of yolk 
hormone deposition, to what extent can 
females strategically adjust androgen dep-
osition, and the potential physiological 
costs or limitations of this process for 
mothers. These are long standing ques-
tions since the discovery of androgens in 
the egg yolk, but our knowledge on these 
aspects is still very limited. Until these 
questions are solved, we will not have a 
complete picture of the trade-offs regulat-
ing androgen-mediated maternal effects. 
It is known that androgens may be 
beneficial to the offspring, but these can 
also lead to immunological costs. Howev-
er, since our results show a negative co-
variance among different branches of the 
immune system, future studies addressing 
the effects of maternal androgens on im-
mune response should consider a wider 
range of immunological assays covering 
as many branches of the innate and adap-
tive immune system as possible. Beyond 
immunological costs, yolk androgens may 
lead metabolic costs that could be related 
to an overproduction of free oxygen radi-
cals and, thus, an increased risk of oxida-
tive stress (Halliwell and Gutteridge, 
2007). This can impose an extra cost to 
developing offspring, but also constitute 
an important parameter to be considered 
in the trade-offs involving growth and 
immunity (e.g. Hall et al., 2010; Moreno-
Rueda et al., 2012). Further physiological 
studies are needed to investigate their rela-
tionship with hormone-mediated maternal 
effects since they could be the key to un-
derstand the constraints imposed by yolk 
androgens to male offspring. Our findings 
suggest that prenatal environmental fac-
tors, may act as maternal cues to adjust 
the yolk androgen levels to each breeding 
context, possibly to maximize offspring 
fitness. However, this conclusion comes 
from the natural variation of the environ-
mental conditions as the breeding season 
progresses, without an experimental ma-
nipulation of environmental variables. 
Therefore, future experimental studies 
should address what specific environmen-
tal variables modulate the effects of yolk 
androgens, which could be very useful for 
understanding the adaptive relationship 
between hormone-mediated maternal ef-
fects and environmental context.  
Although most previous experi-
mental studies on yolk androgens have 
focused on their effects on early life stag-
es, these maternal hormones do exert 
long-lasting consequences on offspring 
life history traits, and further involve 
transgenerational changes. However, alt-
hough our work consistently support the 
existence of long-lasting hormone-
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mediated effects, future experimental 
studies are required to fully assess the 
relationship between prenatal exposure to 
androgens and lifetime breeding success, 
testing the relative contribution of andro-
gens to different parameters (i.e. life ex-
pectance, timing of reproduction, overall 
investment, breeding strategies, etc). In 
this line, since males and females have 
different reproductive roles and ecological 
trade-offs, future studies should explore in 
more detail the sex-specific effects of yolk 
androgens on mating behaviour. Thus it 
could be possible that yolk androgens may 
have mediated the evolution of sex differ-
ences in allocation of reproductive effort 
to mate attraction and parental care, even 
affecting rates of extra-pair fertilizations. 
However, may be difficult to speculate 
about the mechanism by which yolk an-
drogens affects adult behaviour unless we 
know about its effects on the dynamics of 
the endocrine responses, hormone recep-
tors and metabolising enzymes (von 
Engelhardt, 2004). 
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1. The two main androgens found in avian yolks, testosterone (T) and androstenedione 
(A4), exert different effects during early development. In our study species, the 
spotless starling (Sturnus unicolor), T has a stronger influence during embryo de-
velopment than A4, whereas during nestling development the capacities of both an-
drogens to influence growth are similar. However, T and A4 show non-additive ef-
fects, suggesting either some kind of inhibition between them. Our results reveal 
that yolk A4 and yolk T are associated with different biological features, and under-
line the necessity of further research on the differential metabolism and action of 
egg androgens. 
2. Beyond effects of yolk androgens, we found a strong effect of egg size and laying 
order throughout nestling development. The influence of egg size on nestling size 
and condition was detected even at the end of the nestling period, which highlights 
the importance of female investment in this trait on subsequent nestling develop-
ment. On the other hand, we cannot discard that this trait is correlated with other as-
pect of female quality or investment that was not measured in the study. 
3. Yolk androgens show complex dose-response effects during early development, 
including both linear and non-linear responses for different nestling traits. This 
highlights the importance of accurately adjusting the dose to the natural yolk andro-
gen levels of the species in manipulative studies, as well as considering dose-
dependent effects when interpreting the results. More importantly, this suggests that 
the balance of cost and benefits is a subtle one, and that higher androgens levels are 
not always beneficial. 
4. For some traits, yolk androgen effects were mostly detected at earlier phases of the 
nestling period, whereas for others the effect was stronger in later stages, thus illus-
trating the variability in responsiveness to the hormone across traits. 
5. Experimentally increased yolk androgens result in sex-specific immunosuppression: 
increasing levels of yolk androgens exert a negative impact on of two measures of 
innate and adaptive axes of the immune system (lysozyme activity of the plasma and 
cell-mediated immunoresponsiveness) in male nestlings but not in females. These 
results support the existence of immunosuppressive costs associated to yolk hor-
mones. 
6. We detected a negative covariance among different branches of the immune system. 
Future studies on the effects of maternal androgens on immune response should 
consider a wider range of immunological assays in order to cover as many branches 
of the innate and adaptive immune system as possible. 
7. The effect of yolk androgens on both pre- and post-hatching development and im-
mune function is context dependent: increased yolk androgens accelerated embryon-
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ic development and improved lymphocyte proliferation (a measure of adaptive im-
munity) in early clutches, but reduced nestling survival and lymphocyte prolifera-
tion in clutches laid at the end of the breeding season, when environmental condi-
tions are harsher. This pattern confirms the adaptive value of seasonal decline in egg 
yolk androgen levels observed in this and other avian species. Ultimately, variation 
in maternal androgen allocation to eggs could be explained as the result of context-
dependent optimal strategies to maximize offspring fitness. 
8. Yolk androgen levels not only modulate individual development during the nestling 
period, but exert long term effects on key life-history traits in a sex-specific way. 
Yolk androgens enhance the development of a plumage sexual ornament in this spe-
cies (the length of throat feathers). However, in males, they also impair cellular im-
mune function and their subsequent survival rate and breeding success of birds 
hatched in late clutches. Therefore, long-lasting effects of yolk androgens in males 
could be framed in the general trade-off between survival and reproduction. 
9. In females, yolk androgens do not exert long-term consequences on survival, but 
influence the trade-off between quality and quantity of propagules: high yolk andro-
gens levels led females to produce larger eggs and shorter clutches and larger eggs 
at adulthood, which resulted in increased offspring size at the F1. Yolk androgens 
can therefore induce transgenerational plastic responses in the phenotype of individ-
uals. 
10. Our findings support the importance of hormone-mediated maternal effects on indi-
vidual phenotypic plasticity. Variations in yolk androgen levels exert both short- 
and long-term effects on different life-history traits that ultimately impact on off-
spring fitness. Thus, this Thesis confirms the implication of maternally derived an-
drogens on offspring performance, adding support to their role in mediating evolu-
tionary change. 
  
 
